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Over the past decade increasing number of US companies have been encouraging the use 
of abdominal support as a part of their efforts to reduce the human and economic costs 
due to back injuries. Back belts are assumed to prevent injuries by restricting posture, 
increasing intra abdominal pressure, providing psychological effect and relaxing trunk 
muscle to provide circumferential support around the pelvis ring. This research deals in 
detail with the posture restriction caused by back belt. Two-dimensional kinematic data 
was collected from ten subjects using nine marker positions. Angular displacement of 
nine body angles was compared. The kinematic relationship, posture, and interjoint 
coordination were studied using knee, hip, trunk and thoracic-lumbar joint.  Out of the 
nine body joint angles, five showed decreased flexion, three increased flexion and 
remaining one had no change.  Kinematic relationship was not found to exist between 
hip, knee, trunk and thoracic-lumbar joint. The behavior of postural index values 
supported the failure of kinematic relationship hypothesis. The back belt was found to 









According to the Bureau of Labor Statistics (1999a), nearly one million people 
each year report taking time away from work to treat and recover from musculoskeletal 
pain or loss of function due to overexertion and repetitive motion either in the low back 
or upper extremities. People with back injuries miss an average of 6 days of work per 
year and nearly 20% miss 31 or more workdays (Gorder, 2000). For each individual 
incurring a back injury, it is estimated that a median of 8 days are spent away from the 
work (Texas Workers’ Compensation Commission, 1996).  
The estimated workers' compensation costs associated with days lost at work due 
to musculoskeletal disorders, range from $13 to $20 billion annually. However, in order 
to determine the total economic burden for musculoskeletal disorders various indirect 
costs should also be considered. When indirect costs related to factors such as loss of 
wages, loss of productivity and loss of tax revenues are added to the cost of compensation 
claims, the estimates are as high as $45 to $54 billion annually (Musculoskeletal 
Disorders and the Workplace, National Academies Press, 2001). These figures are 
conservative and represent only reported cases. Several studies suggest that many 
disorders that could be attributed to work are not reported and therefore are not counted 
in any of the existing databases. According to Praemer et al. (1999), data collected in 
1995 showed that when non occupationally related disorders are included, the economic 
burden is as high as $215 billion. 
  Manual lifting is the highest classified cause (19.6%) of incidents of accidents and 
also the highest cause (31.1%) of injury on the job (Kansas Department of Human 
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Resources, 2000). NIOSH Publication 97-141 (1997) states that there is a strong evidence 
that low-back disorders are associated with work-related lifting and forceful movements.  
NIOSH (1994) suggested the implementation of a sound ergonomics program 
focusing on the redesigning of the work environment and the work tasks to prevent back 
injuries. Many companies have implemented numerous measures in response to the 
increasing human and economic costs of back injuries, either in conjunction with or in 
the place of sound ergonomics programs. A dramatic increase in the use of industrial 
back belts is one among such measures. 
Physicians have been prescribing corsets and braces since Biblical times. 
Weightlifters have, for a very long time, perceived a benefit from wearing abdominal 
belts (Magnusson et al. 1996). Over the past decade, abdominal belts have been used 
with increased frequency to reduce the back injuries (Granata et al. 1997). An increasing 
number of US companies are encouraging the use of abdominal support as a part of their 
efforts to reduce the number of low-back injuries associated with manual material 
handling (Woldstad and Sherman, 1996). In a survey conducted by Center for Workplace 
Health 1993, among 400 commercial enterprises throughout North America, 77% 
indicated that they have incorporated back supports as a part of their safety program. 
Magnusson et al. (1996) and Woldstad and Sherman (1996) present following 
hypotheses about how back belts protect healthy workers:  
1. “By assisting the abdominal muscles and diaphragm in producing intra-abdominal 
pressure (IAP) within the abdominal cavity. This pressure is thought to allow a 
portion of the upper body to be shifted from the spine to the rest of the trunk.” 
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2. “By restricting the posture of the torso and reducing the bending during lifting. 
Under some conditions, lifting with an upright or straight torso posture has been 
shown to result in lower spinal compressive forces. Back belts are thought to 
encourage these postures.” 
3. Wearing a back belt provides a constant reminder to the workers about the 
potential of incurring a back injury. Thus it provides some placebo effect on 
lifting by encouraging the workers to consider their own limitations in lifting and 
to adopt proper lifting techniques.  
4. Back belts increase insulation and warmth 
5. The lower part of the belt gives circumferential support around the pelvis ring. 
However, there is a great deal of controversy as to whether lifting belts are a 
benefit or a liability to manual material handling activities. In 1994, the National Institute 
for Occupational Safety and Health (NIOSH) released a report (DHHS, 1994), which was 
a review of the published scientific literature, which states that NIOSH "does not 
recommend the use of back belts to prevent injuries among uninjured workers, and does 
not consider back belts to be personal protective equipment.". In the occurrence of the 
lifting injuries, lifting technique plays an important role. So before deciding whether 
lifting belts are a benefit or a liability to manual material handling activities, it is essential 
to understand how a back belt affects the manual lifting technique.  
In the present study, posture restriction hypothesis of back belt is studied in detail. 
The objective was achieved by using nine body joint definitions. The Effect of back belt 
on the posture was analyzed using concept of postural index (Burgess-Limerick and 
Abernethy, 1997) and kinematic relationship hypothesis. Influence of back belt on the 
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lifting technique throughout the lifting was understood using the concept of interjoint 
coordination as explained by Burgess-Limberick et al. (1991, 1993, and 1997). 
 
 5
CHAPTER 2  
BACK GROUND AND LITERATURE REVIEW 
 
2.1 Introduction to the Research on Back Belts  
 The effects of back belts have been analyzed by different researchers using 
various approaches. The four common approaches to back belt research (NIOSH, 1994) 
include: 




The epidemiological method identifies and classifies risk factors for injuries 
(Fernandez et al. 1991). In the biomechanics approach, the motion of body segments and 
the forces acting on them is studied using the laws of physics and engineering concepts. 
The physiological approach analyzes cardiovascular changes in the body. Finally, the 
psychophysical method estimates the capacity of the subjects by quantifying subjective 
tolerances (Fernandez et al. 1991).  
Understanding the primary goal of the present research (i.e. to study the effect of 
back belt on the lifting technique) various biomechanical studies on the back belts and a 
new approach to understand manual lifting by Burgess-Limerick et. al., (1991, 1993 and 




2.2 Biomechanical Studies on the Back Belt 
Giorcelli et al. (2001) performed a study to determine if the use of an elastic 
lumber back support has an effect on spine kinematics during asymmetric lifting of both 
small and large-sized boxes. They also checked for the carryover effect between the trials 
as a result of wearing back supports. In their experiment, twenty-eight subjects with 
manual-handling experience (17 male and 11 female) participated. The subjects were 
randomly assigned to lift either a large or small box (weighing 9.4 kg), from a sagittally 
symmetric origin at pallet height to a 79 cm height, 60° to the right. Spine flexion, lateral 
bending and twisting, hip and knee flexion, and angular velocity measurements of the 
torso with respect to the pelvis were collected for three lifting periods. Subjects 
performed 50 lifts each at 3 lifts per minute, with 18-minute breaks between periods. 
Their results are summarized in the Table 2.1. 
Table 2.1: Results of study by Giorcelli et al. (2001) 
 






(46cm high ×50 cm wide  
× 25 cm deep) 
 
Small box 
(46cm high ×30 cm wide  
× 25 cm deep) 
1) Maximum spine 
flexion 
Significantly reduced Significantly reduced 
2) Maximum flexion 
angular velocity 
Significantly reduced Significantly decreased 
3) Maximum extension 
angular velocity 
Significantly reduced Significantly decreased 
4) Right & left hip 
maximum flexion 
Increased  significantly Increased  significantly 
5) Right knee 
maximum flexion 
__ Increased  significantly 
6) Left knee maximum 
flexion 
Increased  significantly __ 
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 It was also found that there were no statistically significant differences in the 
carryover effects and reduction of motions in the sagittal plane.  
Using two dimensional biomechanical analysis, Willey (2001) examined the 
effects of back belt and lifting load on selected lifting kinematics during a simulated 
patient transfer. Eighteen female subjects volunteered for the study. The task assigned 
was the sit to stand transfer of manikin. Subjects performed the task using no belt, belt 1 
and belt 2. It was found that a wearing back belt can reduce the lifter’s maximum trunk 
flexion, if the load is moderate (30 lb). The wider the back belt (9 inches) the more it 
decreases spinal flexion compared to a narrow belt (6 inches) or no belt lifting condition. 
For heavy (50 lb) loads, no decrease in the spinal flexion was found with either of the 
belts. No significant differences were found in either of the belts in the means of lifting 
time, knee flexion, elbow flexion, forward displacement of lifter’s center of mass and 
lifters maximum center of mass velocity.  
Marras et al. (2000) studied the effects of an elastic lumbar back support on spinal 
loading and trunk, hip and knee kinematics while allowing subjects to move their feet 
during lifting exertions. Twenty male subjects participated in this study. Position, 
velocities and accelerations of the trunk and the hip and knee angles were evaluated as a 
function of wearing an elastic lumbar back support. Subjects performed the lifting of two 
different boxes (13.6 and 22.7 kg) from two different heights (knee and 10 cm above 
knee height), and from two different asymmetries at the beginning of the lift (sagittally 
symmetric and 60 ° asymmetry). Wearing a back support resulted in significant decrease 
in the angle, velocity and acceleration of the trunk. Wearing a back support resulted in a 
significant increase in the peak hip extension angle. This increase in the peak hip angle 
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was compensated by a non-significant decrease in the peak knee extension angle. The 
effect of wearing a back support resulted in no significant difference in the spinal 
loading.  
Lee et al. (2000) examined the increase of angles when wearing a belt and also 
compared the angle increase using lumber and pelvic belt. Eighteen healthy male subjects 
participated in the study. Lumber sagittal angle were examined, while holding a load of 
10 kg under the following conditions: 
1) Not wearing a belt 
2) Wearing a pelvic belt 
3) Wearing a lumber belt. 
External abdominal pressure of 10 mm Hg was kept constant while taking the 
readings. The effect of the belt on vertebral angles was examined in the static postures of 
standing, erect sitting and slump sitting. The angles measured were L1/L3, L3/L5, L5/S1 
and L1/S1 (where L1/S1 = L1/L3 + L3/L5+ L5/S1). All the angles were measured 
videographically and radiographically. It was found that while standing, L1/S1 values 
with lumber and pelvic belt were 8˚ and 11˚ higher respectively, than when no belt was 
worn. While erect sitting, wearing a lumber belt had no effect, but there was a decrease in 
L1/S1 mainly through a decrease in L1/L3 in the case of a pelvic belt.  During slump 
sitting, data showed an increase in L1/S1 (i.e. increase in L1/L3 andL3/L5 but decrease in 
L5/S1) with both the belts compared to the absence of a belt. The lumber belt seemed to 
support the upper lumber joints well and restricted the pelvic motion. For the pelvic belt, 
it was concluded that the change of the L1/S1 was achieved mainly by increasing the 
lower vertebral angle. There was very limited motion of the pelvis in this posture due to 
 9
the constraint of the pelvic belt. In summary, the working posture and the back belt have 
interactive effect on lumber angles. 
McGorry et al. (1999) investigated the effect of back belts on a sagittal plane 
lifting task through the observation of motion patterns. They define lumber spine as a 
flexible link between thoracic and sacral spine. It was hypothized that there will not be 
any significant difference in the coordination of pelvic and lumber flexion-extension 
during a lifting/lowering task between individuals wearing a rigid or elastic back belt and 
those wearing no back belt. Six subjects were recruited for this study. 
The experiment protocol consisted of 12 trials (four trials with rigid, flexible, elastic back 
belt each and four with no belt respectively) of a floor-to-knuckle height lifting/lowering 
task with a 23 kg container. Pelvis rotation led lumber rotation moderately in the initial 
stage of lifting and became more pronounced as the lift progressed. Overall, both elastic 
and rigid back belts reduced lumber range of motion in lifting and lowering (rigid belt 
more so than elastic). In both the cases, there was a concurrent increase in pelvic rotation. 
 Rabinowitz et al. (1998) studied the effect of back belts on the spinal shrinkage, 
heart rate, perceived exertion, and regional body pain. In their experiment, 10 subjects 
performed out a repetitive task for 15 min using either a stoop or squat lifting technique 
with or without an abdominal belt on 4 separate days. They reported that neither the 
lifting technique nor the use of the belt had a significant effect on spinal shrinkage 
(measured using a stadiometer). Heart rate as well as regional body pain was not affected 
by the use of the belt. Perceived exertion values were 11.35 and 11.50 (the Borg scale, 6= 
no exertion at all, 20=maximal exertion) for lift with and without belt, respectively.  
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 Sparto et al. (1998) examined whether belts effectively reduce the trunk motion in 
the sagittal, lateral and transverse planes. Two experiments, a) fatiguing repetitive sagittal 
lifting and b) asymmetric lifting were conducted. Thirteen male subjects (who reported 
no low back pain in the previous 6 months) participated in the study. In the first 
experiment the effects of fatigue and back belt on the lifting kinematics in the sagittal 
plane were studied, while the results of second experiments were used to study the effect 
of a back belt on the triaxial trunk and biaxial hip motion. During both tests, it was 
observed that in sagittal plane, subjects required greater hip motion and less trunk motion 
and velocities with a back belt. Fatigue of the subjects resulted in decreased knee and 
trunk motion at the end of the experiment than at the start of the experiment.  
Thoumie et al. (1998) evaluated the effect of wearing a lumber support on the 
lumber posture and motion during work-related activities. Fifteen subjects (8 women and 
7 men), who had no history of low-back pain participated in the study. Lumber lordosis 
angles were measured simultaneously with electrogoniometers and X-ray. Both 
parameters were measured during standing in the orthostatic position (torso vertical, 
shoulder flexed 90°, elbow extended), fully-flexed and fully-extended positions. They 
observed that lumber belt decreased the maximum flexion, extension angles as well as the 
total flexion/extension range of motion for lumber. 
Woldstad et al. (1998) investigated the torso posture during lifting tasks with and 
without a back belt. A variety of isometric lifts both with and without an abdominal belt 
were performed to compare the torso posture adopted by the subjects. Eight male and 
eight female subjects participated in the study. The authors observed that the axial twist 
of the torso was significantly lower for the calf height asymmetric exertion. No other 
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significant effects on the posture were reported. Static lift strength was unaffected by the 
belt. They predicted that spinal compressive force using a belt was significantly lower 
than without a belt. 
Granata et al. (1997) examined the effect of three different types of belt usage on 
trunk motion, muscle activity and spinal loading. The three belts used were nylon elastic 
belts with suspenders (elastic belt), leather weightlifter style belt (leather belt), and fabric 
belt (orthotic belt). Fifteen healthy subjects with no previous history of low back injury 
participated in this study. Subjects performed both symmetric and asymmetric lifting. In 
the symmetric lifting subjects lifted a box from a platform (adjusted such that the lift 
origin was at subject’s knee height) to an upright position. During asymmetric lifting 
subjects lifted a box from the same platform to an elevation of 70 cm, located 60˚ 
clockwise from the sagittal symmetric plane. It was observed that the elastic belt and 
leather belt reduced the peak trunk sagittal angles and increased the peak pelvis flexion 
angles. Belts also reduced the peak lateral flexion and trunk twisting angles during the 
asymmetric tasks. Trunk and pelvis velocity were also significantly influenced by the use 
of a back belt during both sagittally symmetric and asymmetric exertions. Maximum 
sagittal trunk velocity was significantly reduced and the pelvis extension velocity 
increased, when tasks were performed with any of the back belts. All of the belts 
significantly reduced the sagittal and twisting trunk acceleration. Belts increase the 
movement about L5/S1 discs (elastic and leather increased it by 3.7 % and orthotic belt 
increased it by 10%). During sagittally symmetric exertions, wearing the elastic belt 
significantly reduced the EMG activities of the erector spinae by 4%. Antagonistic 
activities in the rectus abdomini muscles were also reduced by the elastic belt. Activity in 
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the left internal oblique significantly increased with the elastic belt. Activity in the other 
oblique and the latissimus dorsi also increased during belted exertions. The leather and 
orthotic belt did not influence EMG activities. In summary, by using an elastic belt or 
leather belt, the subjects accomplished the same task with greater pelvic angles, thereby 
allowing reduced maximum trunk flexion. This resulted in significant reduction in trunk 
velocity and acceleration. Observing the increased sagittal plane velocities and 
accelerations at the pelvis, the authors reported that the use of lifting belts transferred the 
motion from the back to the pelvis. Their analysis also demonstrated that although back 
belts reduced the maximum trunk angles, there was no significant reduction in the 
moment about L5/S1, and also a minimal effect was observed on the muscle activity 
which significantly reduced trunk loading.    
Magnusson et al. (1996) performed a study to determine the effect of a back 
support on muscle force and on overall trunk load. Seven females and five males 
participated in the study. When the support was used there was a non-significant height 
gain, whereas when the support was taken off the immediate height loss of an average of 
1.8 mm was observed. The height loss was less, if a belt was used, suggesting a load 
relieving effect. The study concluded that back support reduced dorsal EMG (two EMG 
electrodes were placed at the L3 level bilaterally at 3cm from the midline), increased 
spine height, and was associated with subjective assessment of improved stability and 
enhanced lifting capacity.  
  Lavender et al. (1995) quantified how the lifting belt and stepping motions 
affected trunk motion in the transverse and frontal planes. Eight men and eight women 
with no history of low-back dysfunction participated in this study. This experiment 
 13
required two testing sessions for each individual - one in which the belt was worn and 
one in which it was not worn. During each session, the subjects performed 42 lifting trials 
spaced 30 seconds apart. Lifts were always initiated from a sagittally symmetric posture. 
The 42 lifting trials were composed of 14 lifts at each asymmetry level: 0°, 45°, and 90° 
to the subject's right side.  For a given asymmetry level, subjects were instructed not to 
move their feet during half the lifts. In the other half of the lifts, foot motion was 
encouraged but not required. The belt reduced lateral bending only when the feet did not 
move. Lateral bending velocity and acceleration were significantly reduced by belt as 
well as by foot movement, but the reduction was more significant with belt than foot 
movement. Lateral bending and twisting motions were reduced with the use of the lifting 
belt, particularly at larger load placement asymmetries. These effects were observed for 
position, velocity and acceleration in the frontal and transverse planes. No changes in 
sagittal plane motions were attributable to the use of the lifting belt. However, foot 
motion demonstrated significant differences. Much of the twisting and lateral bending 
motion could be eliminated by encouraging foot motion. 
2.3 Lifting Techniques 
Most of the researchers analyzed or differentiated lifting techniques based on the 
posture adopted to lift the load. Whitney (1958) described the following two techniques: 
“Derrick action: throughout the lifting operation the knee is kept fully extended, 
or even hyperextended, and the trunk is flexed forward (lumber spine and hip joint 
flexion) so that the grasp can be made” 
“Knee action: the grasping point is reached by folding the legs as in the squatting, 
the trunk being maintained quite erect” 
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Various others described the derrick action as stoop, straight legs/bent back, back 
lift, torso lift; and the knee action as squat, crouch, bent leg/straight back, leg lift (Kumar, 
1984; Leskinen et al.1983; Lindbeck and Arborelius, 1991; Mairiaux and Malchaire, 
1988; Mirka and Marras, 1990;). However in the actual practice, if the subjects are asked 
to lift using the self-selected posture they rarely take the extreme positions described 
above. Most of the time the posture adopted by the subjects (when asked to use self-
selected posture) can be described as semi-squat or semi-stoop(Burgess-Limerick et al. 
1995; Gagnon and Smyth, 1992) 
 Some researchers also used the absolute angle data to explain the lifting 
technique.  Table 2.2 explains how various authors distinguish between stoop and squat 
using the relative angle data  
Table 2.2: Lifting technique in terms of absolute angle data 
Study Observations 
Troup (1977) 




The angle of the superior surface of the sacrum from the 
horizontal was observed as  being 9° and 77° during stooped and 
squat postures respectively 
Nemeth and 
Ekholm (1985) 
Straight knee lift was observed as 50° hip flexion and a 
femur/vertical angle of 23°, whereas a flexed knee position 
involved 85° hip flexion and a femur/vertical angle of 67° 
 
Both the absolute angles as well as posture at the beginning of the lift are affected 
by the task characteristics such as position of the load and starting height. Burgess-
Limerick and Abernethy(1997) introduced the concept of postural index to define posture 
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adopted at the beginning of the lift. Postural index provides an appropriate method of 
defining lifting posture independent of task characteristics and specific joint positions. 
2.3.1 A New Approach to Understand Lifting 
Burgess-Limerick et al. (1991, 1993) provided a different approach to understand 
how movement is controlled and used it to understand lifting technique. They compared 
the conventional angular-position-time method of presenting the lifting kinematic data to 
relatively new method of presenting it on the phase plane. They studied lumber vertebral, 
hip, knee and ankle joints. In this approach the movement of joints is expressed on a 
phase plane and the coordination is quantified by calculating the relative phase angles 
between the joints as a function of time. An 18-year old male subject lifted a 8.5 kg 
weight from the floor level to an upright position with the mass held in a carrying 
position at the waist height using self-selected technique. The analysis of data provided 
the following results: 
1) While flexing down to pick the load, the lumber vertebral, hip, knee and ankle 
joints begin their flexion movement in a proximal to distal order, and the reverse 
order occurs during extension, i.e. distal to proximal. 
2) From the upright standing position, when the subject bends to lift the weight, 
flexion occurs more rapidly at the hip, and then followed by the knee, until full 
flexion is reached. While extending from the bend position to the upright position, 
knee extents more rapidly then followed by the hip. Similar proximal to distal 
relationships exist at the ankle/knee and hip/vertebral complexes. 
3) During the flexion phase, angles are positive, indicating that the proximal joints 
lead the distal while in extension the angles are negative. 
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A conventional angular position vs. time presentation suggests that flexion and 
extension of knee, ankle, vertebral and hip joint occurs almost simultaneously. However 
using this approach the data reveals a slightly different interpretation, i.e. systematic 
deviation occurs from the simultaneous in phase coordination of the joints. 
 In 1997, Burgess-Limerick and Abernethy conducted another study to provide a 
quantitative definition of manual lifting, a definition that is “empirically grounded and 
robust in the face of changes in task parameters.” Seventy-one untrained subjects 
performed 100 symmetric bimanual lifts using self-selected technique. “The lift consisted 
of starting from a normal upright standing posture, flexing to pick up the mass from the 
floor level, then returning to an upright position with the mass held in a carrying position 
at waist height.” 
They defined the ratio of knee flexion from the normal standing at the lift to the 




Figure 2.1: Definition of Postural Index 
They performed two experiments, one with changing loads and other with 
changing starting heights. The average postural index across all the subjects was 0.58 (sd 
= 0.16) for changing load experiment, and was 0.59 (sd = 0.17) for changing height 
experiments. Their experiment proved that the postural index is not affected by changes 
in load mass and starting height. Hence they concluded that postural index provides an 
appropriate method of defining lifting posture independent of task characteristics.  
 
                         Knee flexion 
PI =            





Giorcelli et al. (2001), in their study reported that with the use of back belts the 
maximum spine flexion and maximum spine angular velocity were significantly reduced 
while knee maximum flexion was significantly increased.  While Willey (2001) observed 
that back belt reduced the lifter’s maximum trunk flexion but has no effect on knee 
flexion. Marras et al. (2000) studied effect of back belts on kinematics of knee and hip 
joint and trunk. They found wearing a back support resulted in significant decrease in 
trunk angle, velocity and acceleration. Wearing a back support resulted in a significant 
increase in the peak hip extension angle. This increase in peak hip angle was offset by a 
non-significant decrease in the peak knee extension angle. 
 Lee et al. (2000) reported that back belt increases L1/S1 angle for standing and 
slump sitting. McGorry et al. (1999) found that both elastic and rigid back belts reduced 
lumber range of motion in lifting and lowering. Sparto et al. (1998) observed that 
subjects required greater sagittal plane hip motion and less sagittal trunk motion and 
velocities with back belt than without back belt. Thoumie et al. (1998) found that lumber 
belt decreased the maximum flexion, extension angles as well as the total 
flexion/extension range of motion for lumber. No significant effects of the back belt on 
the posture were reported by Woldstad et al. (1998). Granata et al. (1997) reported 
greater pelvic angles and reduction in maximum trunk flexion. 
 So we can summarize the back belt literature on the posture restriction as follows: 
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1. Back belts reduces trunk flexion or spine flexion (Willey, 2001; Giorcelli et al. 
2001; Marras et al. 2000, Lee et al. 2000; McGorry et al. 1999; Sparto et al. 
1998; Thoumie et al. 1998; Granata et al. 1997) 
2.  Back belts reduces  maximum spine angular velocity or trunk angle, velocity and 
acceleration (Giorcelli et al. 2001; Marras et al. 2000; Sparto et al. 1998) 
3. Back belts increases pelvic or hip angle and velocity (Marras et al. 2000; 
McGorry et al. 1999; Sparto et al. 1998; Granata et al. 1997) 
4. Back belt has no affect on the knee angle (Willey 2001) 
5. Back belt increases the knee angle (Giorcelli et al. 2001) 
6. Back belt reduces the knee angle (Marras et al. 2000). 
All the researchers agreed that when using the belt there was a decrease in the 
trunk flexion and an increase in the hip or pelvis flexion. But there is some disagreement 
about the knee flexion. None of them talk about how posture is changed due to the use of 
back belt; moreover there is a great variation in the method of kinematic data collection 
and the definitions of angles.  
1. Giorcelli et al. (2001) used thoracic and sacral triads and studies spine, hip and 
knee flexion-extension. 
2. Marras et al. (2000), Granata et al. 1997 and Lavender et al. (1995) used lumber 
motion monitor to monitor trunk flexion extension. In addition to lumber motion 
monitor Marras et al. (2000) and Granata et al. 1997 used electrogoniometer to 
study knee and hip flexion-extension. 
3. Willey (2001) focused on trunk, knee and elbow flexion but no method is 
mentioned about data acquisition. 
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4.  Lee et al, (2000) used radiographs and reflective markers to understand trunk 
position. Markers where placed on the right side of subject at shoulder joint, 
pelvic (anterior superior iliac spine) and the hip joint (greater trochanter). 
5. McGorry et al. (1999) used 9 markers, two at C7 dart, two at T12 dart and two at 
pelvic dart, one at wrist, one at hip and one at knee to study pelvic and lumber 
flexion-extension. 
6. Rabinowitz  et al. (1998) and Magnusson et al. (1996) used stadiometer  to study 
spinal shrinkage and height lost respectively. 
7. Sparto et al. (1998) captured both 3-D and 2-D kinematic data. For 3-D kinematic 
data, Lumber motion monitor was used. For 2-D kinematic data a biaxial hip 
monitor was used in addition to the reflective markers at joint center of rotation of 
the ankle, knee, hip, shoulder, elbow and wrist joint.  
8. Thoumie et al. (1998) used specially designed electrogoniometers with full range 
of flexion and extension for spinal evaluation  
9. Woldstad et al. (1998) measured 3-D body posture using 14 different infrared 
emitting diodes. The diodes were positioned to identify both shoulders, both 
elbows, the vertebra prominens, the L3/L4intervertebral disc, and both calves. 
The above methods showed that only trunk, hip and knee joint were of primary 
concern to all the researchers. Lower extremity joints i.e. ankle, knee and hip joints are 
formed between well identified segments and hence are easy to define. For example knee 
joint is the joints between leg and thigh segment. But for trunk joint, angles are very 
relative and can change from assumption to assumption (i.e. method of data collection, 
position of markers). Posture effect of back belt is a function of various body angles and 
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as the basic purpose of this research is to study the posture restriction hypothesis in detail, 
ten body angles were studied using nine marker positions, seven of them were regarding 
the position of trunk. Also concept postural index (Burgess-Limerick et al. 1997) is 
utilized to study posture. 
Effect of back belt on the posture can be better studied by understanding the 
kinematic relationship between the lower extremity and the trunk joint angles. A three 
link two dimensional biomechanical model is used to understand the same. The model 
and the hypothesis used to understand the kinematic relationship is as follows: 
3.1 Biomechanical Model 
• Human body is considered as mechanism with three kinematic links and two 
hinge joints, such that only planer motion is possible between the links (Fig 3.1). 
Three links considered were: 
 leg link (segment B) 
 thigh link (segment C) 
 trunk link (segment D) 
Position of two hinge joints: 
 hinge joint between leg link and thigh link 
 hinge joint between thigh link and trunk link 
• Even though only two joints were defined. it has been assumed that three degrees 
of freedom are associated with the present mechanism. The reasons behind 
considering three degrees of freedom are: 
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 Back belt was placed around the hinge joint between thigh link and trunk 
link and for present research flexion of thigh and trunk link is more 
important than flexion of the joint between trunk link and thigh link 
 Because of the presence of back belt, when subject bend down to lift 
weight, flexion for trunk link decreases while for thigh link increases, 
unlike joint between leg link and thigh link where flexion for both the 





















D     = The downward motion of the point 1 at approximately fully flexed 
condition i.e. when hands of the subject touches the handle of the box 
at the floor level without back belt 
D'      = The downward motion of the point 1 at approximately fully flexed 
condition i.e. when hands of the subject touches the handle of the box 
at the floor level with back belt 
α  = Flexion of segment D at approximately fully flexed condition 
β  = Flexion of segment C at approximately fully flexed condition 
γ   = Flexion of joint between segment C and segment B at approximately 
fully flexed condition 
α'  = Flexion of segment D at approximately fully flexed condition with 
belt 
β'  = Flexion of segment C at approximately fully flexed condition with 
belt 
γ'  = Flexion of joint between segment C and segment B at approximately 
fully flexed condition with belt 
Under fully flexed condition without back belt we can write: 
)( cbakD ++= , where £ is a constant    (1) 
Under fully flexed condition with back belt we can write: 
  )'''(' cbakD ++=        (2) 
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3.1.1.1 1st Hypothesis 
If the link B is assumed to fixed to the ground by a pin joint 
The first hypothesis made is  
  'DD =         (3) 
i.e. The downward motion of the point 1 at fully flexed condition is not affected by the 
back belt. If 1st hypothesis is true then, 
3.1.1.2 2nd Hypothesis 
If 1st hypothesis is true then subtracting equation 1 from equation 2 
)'()'()'(0 ccbbaa −+−+−=  
 i.e.  
                )'()'()'( ccbbaa −+−=−  
 
from the literature review we know that  
                   aa >'   
Let        Xaa =−'  
 
Therefore, 
                     )'()'( ccbbX −+−=  
 
i.e., decrease in the flexion of segment D is equal to the increase in the flexion of segment 
B and segment C. In other words decrease in the flexion of trunk caused by back belt will 
be compensated by the increased flexion of knee and hip joint. If above the hypothesis is 
proved then we can conclude that Kinematic relationship exists between segments B, C 




3.2 Lifting Technique or Posture  
 A concept of postural index values and interjoint co-ordination was utilized to 
analyze the changes in the lifting technique (posture) caused by back-belt.  
The result of the study will answer the following questions: 
1. Which body angles are important and are affected by the back belt? 
2. Whether there are any changes in the posture because of the use of the 
back belt? 
3. Is there any a kinematic relationship between the body angles? 
4. If there is a kinematic relationship between the body angles then to what 
extend the back belt affects it, i.e. whether the lifting belts shift the motion 
from lumber vertebra joint to the hip or knee joint and if so to what 
extent? 
5. How the back belt affects the magnitude and temporal aspects of proximal 
to distal interjoint coordination? 





METHODS AND PROCEDURE 
 
 The objective of this research is to see how the various body angles, posture and a 
consistent distal-to-proximal pattern of coordination between knee, hip and trunk joint are 
affected when a subject performs lifting task using a back belt. As postural index defines 
lifting posture independent of task characteristics and specific joint positions (Burgess-
Limerick and Abernethy, 1997), it is used to study posture effect of back belt. To achieve 
this objective, ten male participated in this study. They performed self selected (free 
style) manual lifting task in two sessions and 2-Dimensional Kinematic data was 
collected.   
4.1 Subjects 
 Ten male untrained, healthy subjects, who were free from back pain and have no 
musculoskeletal abnormalities, participated in the study. Table 4.1 shows the demographic 
data of the Participants. All the participants were informed of the demands of the testing  
Table 4.1: Demographic data for all subjects 
Subject No Age (years) Weight (kgs) Height (cm) 
1 23 80.00 181.00 
2 25 69.00 187.00 
3 23 68.00 165.00 
4 24 65.00 179.50 
5 27 68.00 170.00 
6 27 62.00 178.00 
7 24 65.50 162.00 
8 26 74.00 174.50 
9 24 64.00 178.00 




procedure and all of them signed informed consent form approved by IRB, Louisiana 
State University. 
4.2 Data Acquisition 
 All subjects performed repetitive two handed symmetric manual lifting tasks. 
Each subject performed three lifting sessions. First session served to familiarize the 
participants with the lifting task. Actual 2- Dimensional kinematic data was collected 
during second and third session. During second without belt session subjects performed 
lifting without belt and during third they performed the same task with belt. The order of 
without belt and with belt session for the individual subjects were selected randomly such 
that half of them performed without belt session followed by with belt session and the 
remaining half in the reserve order (Table 4.2).  
Table 4.2: Order of sessions for all subject 











Note: * without belt session, ** with belt session 
4.2.1 Session Tasks 
 In this section protocol for each session is presented. The details of the specific 
data collected are presented in the following sections. 
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4.2.1.1 Characteristics of Lifting 
During each lifting session, each participant performed the lifting task four times 
per minute (one lift/15 seconds). The participant stood at a comfortable distance (15-50 
cm) directly in front of the load with his feet placed symmetrically and comfortably apart.  
Each participant lifted a wooden box (46cm x 30cm x16cm) with cutout handles on each 
side. As self selected lifting technique i.e. technique spontaneously adopted by the 
subject is least likely to lead to injury (Ayoub & Mital, 1989; Garg & Saxena, 1979), 
hence subjects were instructed to lift the way they felt most comfortable. The lift 
consisted of starting from a normal upright standing posture, flexing to pick up the mass 
from the floor level, then returning to an upright position (Burgess-Limerick et al. 1993) 
placing the mass on the platform of the lowering apparatus. The platform is at a height of 
76 cm from the floor. The subjects selected the foot placement at the beginning of the 
lifting session and did not change it till the session was finished. The task consisted of 
lifting only and no manual lowering was required.  The design of the lowering apparatus 
(Fig. 4.1) is such that once the load is placed on the platform and released, the platform 
swivels about a hinged axis, delivering the load to a sliding board, which returns the load 
to its original location at floor level.  The platform then automatically returns to its 
original horizontal position. To precisely control the rate of lifting a digital voice 
recording was used. This digital voice recoding produced “lift” voice i.e. instructed 
subject to lift after every 15 seconds.  
4.2.1.2 Session I  
 The mass of the load that subjects lifted during without belt and with belt session 











Figure 4.1: Lowering device 
familiarize the subject with the lifting task. Psychophysical approach as described in the 
literature (Aghazadeh and Ayoub, 1985; Lu and Aghazadeh, 1994; Ciriello et al. 1990; 
Garg and Saxena, 1979; Snook et al. 1970) was utilized to determine the mass of the 
functional load. Under psychophysical approach subjects lifted at the rate of 4 
lifts/minute for 20 minutes during session I. At the beginning of this session, the 
participants were given the empty wooden box (4.3 kg mass) and throughout the session 
the participants were encouraged to adjust the mass of the load by adding (or 
subsequently removing) metal pieces of various undisclosed masses, until the subject 
feels that the mass of the load is equivalent to the maximum that he could continuously 




Hinged axis  
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unusually tired, and/or weakened.  The resulting mass was recorded and was used as the 
functional mass. Subject continued the lifting task until the session duration of 20 
minutes expired, even if he determined the functional mass before 20 minutes.   
Table 4.3: Mass of the functional load determined using Psychophysical approach 












4.2.1.3 Without Belt Session  
Repetitive lifting task (as mentioned in section 4.2.1.1) was performed for 8 
minutes (32 lifts) during without belt session using the functional mass determined during 
session I. Each repetitive lifting session consisted of the following four (4) discreet parts:  
1. Participant preparation  
2. Camera system calibration 
3. APAS software program setup for camera system 
4. Repetitive lifting task performance  
4.2.1.4 With Belt Session  
 With belt session was same as without belt session with the only difference that 
subjects performed the lifting task using a back belt. The back belt used was an adjustable 
lumber back brace with maximum support level produced by Mueller sport care (product 
# 6721). The back belt was placed around the lumber region of the subject such that it 
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was equidistance from markers at superior point of the greater trochanter and spinous 
process of 12th thoracic vertebrae. To ensure same level of tightness for all subjects, belt 
was fitted by the same examiner by stretching it 10 cms from the resting position 
(Thoumie et al, 1998). Both the with and without sessions were performed on the same 
day with a rest break of 10 minutes,  while session I was performed on a different day. 
4.2.2 Subject Preparation  
4.2.2.1 Session I  
Subject preparation for one involved introducing them to various equipment used 
in the lifting sessions and warm up exercises. At the beginning of the without belt session 
subjects were introduced to the working of lowering apparatus. They all were shown the 
position of video camera and the computer station used to collect the data. Everybody 
was also instructed about how to respond to the digital voice recording.  Experimental 
protocol was explained to all the subjects and their signature was obtained on the 
informed consent form. Length of session I was 20 minutes, so before starting the actual 
lifting all the subjects did some stretching exercises. Also all of them walked and ran on 
the treadmill for 3 and 2 minutes respectively as a part of warm up exercises. All required 
demographic data was collected before the start of session I. During all the lifting 
sessions all the subject changed their cloths and wore only cycling short. 
4.2.2.2 Without Belt and With Belt Session 
During Without belt and with belt session actual kinematic data was collected for 
eight minutes. Subject preperation invovled changing their cloths and placing nine 
reflective markers on the right side of the subjects. Nine spherical reflective markers (10 
mm diameters) were placed on the right side of the body at the following locations 
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(marker system adopted for present research is explained in the following section) (Fig 
4.2): 
i) Head of fifth metatarsal,  
ii) Lateral malleolus,  
iii) Approximate center of rotation of knee joint,  
iv) Superior point of the greater trochanter,  
v) Anterior superior iliac spine,  
vi) Posterior superior iliac spine,  
vii) Spinous process of 12th thoracic vertebrae,  
viii) Spinous process of 1st thoracic vertebrae,  
ix) Tip of acromial bone 
4.2.2.2.1 Marker System 
 For the pilot study nine marker positions as suggested by Burgess-Limerick and 
Abernethy (1997) was used which is as follows (Fig 4.3): 
i) Head of fifth metatarsal (FM) 
ii) Lateral malleolus (LM) 
iii) Lateral surface of the shank on a line joining the lateral malleolus to the knee 
joint center (LSS) 
iv) Lateral surface of the thigh on a line joining the knee joint center with the 
greater trochanter (LST) 
v) Superior point of the greater trochanter (SPGT) 
vi) Posterior superior iliac spine (PSIS) 
vii) Anterior superior iliac spine (ASIP) 
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viii) Spinous process of the first thoracic vertebra (SPFTV) 
ix) Dorsal surface of the hand 
 
Figure 4.2: Position of markers adapted by Burgess-
Limerick and Abernethy (1997) 
 
Following problems were encounter with this marker system used by Burgess-
Limerick and Abernethy (1997): 
i) In this marker system, trunk and hip angles were calculated with reference 
to a horizontal line joining markers placed at ASIP and PSIS. The basic 
purpose of the present thesis was to study the posture restriction caused by 
the back belt. So with the placement of back belt, around the lumber 
region, it was difficult to find the exact position ASIP location on the 
subject’s body. With the approximate position used there was too much 
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variation in the position of the horizontal line resulting in the wrong angle 
calculations. 
ii) More over when the subjects bend down to lift the box for most of the 
frames which defines posture, the ASIP marker was invisible. 
Considering the above problems associated with the marker at ASIP location, a 
decision was made to neglect the marker and all the angles were calculated with reference 
to the horizontal line (X-axis). Taking into consideration the above changes, following 
modifications were made to the old marker system. 
i) Markers at location LSS and LST were replaced by marker at 
approximate center of knee joint. 
ii) Two additional markers, one at the tip of the acromial bone and one at 
the spinous process of 12th thoracic vertebrae, were also placed.  
iii) Reason behind keeping marker at the tip of acromial bone is to 
understand trunk position with respect to the marker at SPGT and 
compare it with the trunk position defined by markers at PSIS and 
SPFTV. 
iv) McGorry et al. (1999) described the trunk flexion and extension as a 
multisegmental choreographed motion involving the rotation of pelvic, 
lumber spine and trunk with respect to hip joint. Lumber spine was 
described as a flexible link between rigid thoracic and sacral spine, as 
the thoracic spine is well constrained by the facet joints and the 
articulations with the ribs, and sacral vertebras are fused. Following the 
description given by McGorry et al. (1999), thoracic vertebra was 
 34
treated as one segment. As the back belt is placed around the lumber-
sacral region, primarily around the lumber region, it makes the lumber-
sacral region to behave like a segment. Now we have two defined 
segments in the trunk and to study the posture restriction caused by the 
back belt, it is important to understand the relative movements between 
them. In order to understand the above motion an additional marker was 
placed at spinous process of 12th thoracic vertebrae. 
4.2.3 Camera System Calibration 
 One JVC high speed 240 Hz camera was used for recording the 2-Dimensional 
kinematic data. Before starting the experiments, position of the three legs of the tripod for 
the camera was marked on the floor and also the height of legs was adjusted using the 
liquid-dot meter (inbuilt in the tripod) such that the camera was perfectly horizontal.  
  During the whole time period of the data collection the camera was not moved 
from its spot and before the start of each session, the position of the legs of the tripod and 
the dot of liquid-dot meter was checked. 
4.2.3.1 APAS Software Program Setup for Camera System 
 All the 2-dimensional kinematic data was recorded using the studio DV software. 
The video data was recorded using full quality capture. Data with full quality capture 
need approximately 200 MB of computer memory space for one minute of data. 
4.3 Experimental Design 
4.3.1 Independent Variables 
The two independent variables used were back support condition (with and without the 
back belt) and time of data collection. 
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4.3.2 Dependent Variables  
 The dependent variables considered in the study are listed below: 
1. Nine body joints angles 
2. Postural index values 
3. Consistent proximal-to-distal interjoint coordination 
4.4 Equipment 
 The equipment that used in the present study are listed in Table 4.4  
Table 4.4: Equipment used in the study 
Sr. no Equipment 
1 APAS- 2D motion analysis software 
2 JVC - High Speed (240 Hz) cameras 
3 Lowering apparatus (Fig 4.1) 
4 4.3 kg, wooden box (46cm x 30cm x16cm) with cutout handles 
5 Digital voice recording instructing to lift once every 15 seconds 
6 Cylindrical metal pieces of various masses 
7 Reflective markers (10 mm diameter) 
8 Clock 
9 Weight and height measuring equipment. 
 
4.5 Data Analysis 
4.5.1 Data Reduction (Video Editing Phase) 
All lifting sessions lasted for eight minutes. The kinematic data was collected at 
the end of 3rd and 7th minutes for 70 seconds such that 4-5 lifts would be captured (Fig. 
4.4). The video-editing phase of the analysis i.e. reducing the captured AVI images to the 


















Figure 4.3: Position of markers for present research 
Head of fifth metatarsal
Lateral malleolus
Approximate center of rotation of knee joint 
Superior point of the greater trochanter
Spinous process of 12th thoracic vertebrae
Spinous process of 1st thoracic vertebrae
Posterior superior iliac spine
Tip of acromial bone




Trimming is the process of “cutting-out” a series of images in the captured AVI 
file into the required series of images (again in the AVI format), which can be used for 
analysis.  For the present study, 70 seconds of AVI file was captured at once. In this 70 
seconds of video data, subjects approximately performed 4-5 lifts. Each lift lasted for 
approximately 2-2.5 seconds. In the duration of 70 seconds, subjects were performing 
actual lifting for 8-12.5 seconds (approximately) and for the remaining time subjects 
were standing idle. The actual lifting data (series of images in AVI format) which lasted 
for 8- 12.5 seconds was taken out of 70 seconds of captured AVI file using the TRIM 
MODULE of Ariel Dynamics, Inc. 
4.5.1.2 Digitizing  
 Digitizing was the second step of the video-editing phase of analysis after the 









Figure 4.4: Kinematic data collection time bar 
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DIGITIZING APPLICATION (DIGI4) was used for digitizing the images. The 
digitizing process involves measuring the location of each body joint and can be 
performed in either Manual or Automatic mode.  Under automatic digitizing, the user 
input is minimum and the computer automatically tracks the markers based on color, 
contrast, position and acceleration of the reflective markers. Manual digitizing is a 
computer assisted, manual control digitizing process. Due to active user participation, 
manual digitizing is associated with advantages such as error checking and visual 
feedback. Considering the advantages of manual digitizing for the present study manual 
digitization was used. 
In the digitizing process, motion clip is treated as series of images or frames and 
each image or frame is processed at once. The splitting of the motion clip (trimmed AVI 
file) into series of images depends on the frequency of digitizing. For the present study, 
trimmed AVI files were digitized at a rate of 60 Hz. i.e. one second of motion data was 
converted into 60 series of images and each image was digitized at a time. All the frames 
were digitized using a distal to proximal pattern, i.e. markers are digitized starting from 
the marker at the 5th metatarsal bone and ending with the marker at shoulder.  
During the actual digitizing process, for each image or frame, the position of the 
markers were tracked and recorded using the mouse cursor. For the present study, for 
each image nine marker positions were digitized. After digitizing all the frames for a lift, 
four control points were digitized as a reference.  For any subjects approximately 17280 





 For actual computation, digitized views were further transformed using the APAS 
transformation module. The process of transformation involves converting the digitized 
coordinates of each point in each frame to absolute image space coordinates.  After 
providing initial timing information the entire process of transformation was performed 





Figure 4.5: Process of transformation 
4.5.1.4 Filtering 
The process of digitizing marker location involves repeated measurement for a 
number of consecutive frames. Due to the repetitive nature of the process, the recorded 
marker position is the sum of true joint location and a random digitizing error due to the 
inability to position the cursor of mouse to the exact joint location. Process of filtering is 




 For the present study the space coordinate data was filtered twice before actual 
computations. Just after the transformation, data was first filtered using APAS filter 
module. Under APAS filter module space coordinate data was filtered using a cubic 
spline filter with a smoothing value of 1 cm.  
 Data obtained after passing through the cubic spline filter is shown in Figure 4.6. 
Figure 4.6 shows that some noise is still associated with the data. For obtaining smoother 
curve, data was further passed through a low pass Butterworth filter with a low pass 
frequency of 5 Hz. Figure 4.7 shows data obtained after passing through Butterworth 
filter.  
4.5.2 Calculations on the Reduced Data 
4.5.2.1 Angle Determination  
The basic purpose of the present research is to determine the effect of back belt on 
the basic body joint angular displacement values, postural index values and interjoint 
coordination under self selected manual lifting technique. The primary data needed for all 
the calculations is the angular displacement of various body joints. The angular 
displacement of body joints was calculated through the following two steps: 
i) Determination of Angular displacement of body segments. 
ii) Determination of angular displacement of body joints formed by above 
segments 
4.5.2.1.1 Determination of Angular Displacement of Body Segments 
4.5.2.1.1.1 Segment Definitions 
Eight different body segments were defined and analyzed for the present study. 




Figure 4.6: Knee, Hip and Shoulder marker data for one of the lifts for subject no. 2 
obtained just after passing through cubic spline filter with smoothing value of 1 cm. 
 
  
Figure 4.7: Knee, Hip and Shoulder marker data for the same lift in Figure 4.6 obtained 




































a) Segment A: An imaginary line joining the approximate centers of the 
reflective markers placed at the head of fifth metatarsal and lateral 
malleolus (Fig 4.8 (a)) 
b) Segment B: An imaginary line joining the approximate centers of 
reflective markers placed at lateral malleolus and approximate center of 
rotation of the knee joint (Fig 4.8 (a)) 
c) Segment C: An imaginary line joining the approximate centers of the 
reflective markers placed at the approximate center of rotation of knee 
joint and superior point of the greater trochanter (Fig 4.8 (a)) 
d) Segment D: An imaginary line joining the approximate centers of the 
reflective markers placed at superior point of the greater trochanter and the 
tip of acromial bone. (Fig 4.8 (a)) 
e) Segment E: An imaginary line joining the approximate centers of 
reflective markers placed at posterior superior iliac spine and spinous 
process of 12th thoracic vertebrae(Fig 4.8 (b)) 
f) Segment F: An imaginary line joining the approximate centers of the 
reflective markers placed at spinous process of 12th thoracic vertebrae 
and spinous process of 1st  thoracic vertebrae. (Fig 4.8 (b)) 
g) Segment G: An imaginary line joining the approximate centers of the 
reflective markers placed at superior point of the greater trochanter and 
spinous process of 12th thoracic vertebrae(Fig 4.8 (a)) 
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h) Segment H: An imaginary line joining the approximate centers of the 
reflective markers placed at Spinous process of 12th thoracic vertebrae and 
tip of acromial bone. (Fig 4.8 (a)) 
i) Segment I: An imaginary line joining the approximate centers of the 
reflective markers placed at posterior superior iliac spine and spinous 












(a)                                                            (b) 
Figure 4.8: Segments definitions 
 4.5.2.2.1.2 Segment Angle Calculations  
For all the angle calculations, (0,0) of the coordinate system coincides with the 
(0,0) of the 2nd control point (while digitizing). X-axis was along the posterior anterior 
direction of the subject and Y axis was vertically upwards. Inclinations of all the 
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segments were calculated with reference to the horizontal ray with an endpoint at the 
respective distal joint of the segments, parallel to the X-axis and running towards the 
negative direction of X- axis. Mathematical formulations used for calculating segmental 
angles are shown below (Fig 4.9) 














Aθ      (5.1) 
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Cθ     (5.3) 
d) Segment D: 













Dθ     (5.4) 
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Gθ     (5.7) 
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(a)                                                                             (b) 
Figure 4.10: Segment angle definitions 
4.5.2.1.2 Determination of Angular Displacement of Body Joints 
4.5.2.1.2.1 Joint Angle Definitions 
Nine different body joints were studied. The definitions used for them are: 
a) Ankle joint: angle between segment A and segment B formed at lateral 
malleolus marker such that it includes a ray with its end point at lateral 
malleolus marker, parallel to the X-axis and running towards the positive 
direction of it (Fig. 4.10 (a)). 
b) Knee joint: angle between segment B and segment C formed at the 
approximate center of rotation of the knee joint marker, such that it includes 
a ray with its end point at the approximate center of rotation of the knee 














Figure 4.11: Body joint angles (a) 
c) Hip joint: angle formed at superior point of the greater trochanter marker, 
between segment C and an imaginary horizontal ray with its end point at 
superior point of the greater trochanter, running parallel to the X –axis 
towards its positive direction (Fig. 4.10 (a)).. 
d) Trunk1 joint : angle formed at superior point of the greater trochanter marker, 
between segment D and an imaginary horizontal ray with its end point at 
superior point of the greater trochanter, running parallel to  the X –axis 
towards its positive direction (Fig. 4.10 (a)).. 
e) Trunk2 joint: angle formed at posterior superior iliac spine marker, between 
segment I and an imaginary horizontal ray with its end point at posterior 
superior iliac spine marker, running parallel to the X –axis towards its 
positive direction (Fig. 4.10 (b)).. 
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f) Low back2 joint : angle formed at posterior superior iliac spine marker, 
between segment E and an imaginary horizontal ray with its end point at 
posterior superior iliac spine marker, running parallel to  the X –axis 
towards its positive direction(Fig. 4.10 (b)).. 
g) Low back1 joint: angle formed at greater trochanter marker, between segment 
G and an imaginary horizontal ray with its end point at greater trochanter 
marker, running parallel to the X –axis towards its positive direction (Fig. 
4.10 (a)). 
h) Lumbar-thoracic1 joint: angle formed at  spinous process of 12th thoracic 
vertebrae between segment G and H such that it includes a ray with its end 
point at Spinous process of 12th thoracic vertebrae and moving parallel to X-
axis towards its positive direction (Fig. 4.10 (a)).. 
i) Lumbar-thoracic2 joint: angle formed at  spinous process of 12th thoracic 
vertebrae between segment E and F such that the angle include a ray with its 
end point at spinous process of 12th thoracic vertebrae, parallel to X-axis and 
moving towards its positive direction (Fig. 4.10 (b)). 
4.5.2.1.2.2 Joint Angle Calculations 
Mathematical formulations used for calculating joint angles were as follows: 
a) Ankle joint:  
  ABAJ θθθ +−= )180(  
b) Knee joint:  
  CBkj θθθ +−= )180(  
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c) Hip joint:  
  CHJ θθ ×=1  
d) Trunk joint 1:  
  DTJ θθ −=1801     
e) Trunk joint 2:  
  ITJ θθ −=1802  
f) Low back joint 2:  
  ELBJ θθ −=1801  
g) Low back joint 1:  
  GLBJ θθ −= 1802  
h) Lumbar joint 1:  
  GHLJ θθθ +−= )180(1  
i) Lumbar joint 2:  
EFLJ θθθ +−= )180(2  
4.5.3 Posture Analysis Calculations 
 After calculating various body joint angles, the next step was to use this angular 
displacement data to analyze the effect of back belt on the posture. Posture effects of 
back a belt was studied using kinematic relationship hypothesis, postural index (PI) 
values and interjoint coordination.  
4.5.3.1 Data Selection for Calculations 
 Posture is defined as a part of lift where the subject bends down to grasp the 
weight i.e. (for symmetric both handed lift) when subject’s hand touches the handles of 
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the box containing functional weight and trunk, hip, knee and ankle joints are 













Figure 4.11: Body joint angles (b) 
 For any lifting cycle, all the above mentioned calculations were done using 31 
frames that defines posture. For the present study, posture defining frames were 
determined using thigh segment or hip joint angle as a reference. Minimum value of thigh 
segment angle or hip joint angle was determined and 15 frames above and below that 
frame were selected for further angle and posture analysis. 
A total 8-10 lifts were acquired for each subject per lifting session, i.e. 4-5 lifts at 
the end of third and seventh minute. All the acquired frames were reduced i.e. converted 
from AVI files to 2-dimensional coordinates. The core purpose of this study is to 
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compare the posture defining parameters taking the effect of back belt conditions into 
consideration. For all the posture related analysis two lifts from the 4-5 lifts at the end of 
3rd minute and two lifts from the 4-5 lifts at the end of 7th minute were selected at 
random.  
All the mutual comparison i.e. comparison between basic body angles, PI values 
and kinematic hypothesis behavior was done both within and across the subjects. For 
within subject comparison, values at the end of 3rd minute (without belt) were compared 
with the values at the end of 3rd minute (with belt) and the same was done for 7th minute.  
Interjoint coordination was studied using all the four lifts at the end of the 3rd 
minute.  
4.5.3.2 Basic Body Angle Comparison 
 All the angle values for the selected lifts were first averaged across the rows i.e. 
for any angle, 31 angle values from two lifts were averaged to get 31 mean values. These 
 31 values were further averaged to get a single value, which was then compared with the 
respective value i.e. ‘with belt’ value was compared with ‘without belt’ value. 
  The average angle values obtained thus obtained will also be used to check the 
kinematic hypothesis and PI values comparisons. 
4.5.3.3 Postural Index Values Comparison 
 The comparison of body angles help us understand which angles are affected by 
back belt i.e. increase or decrease in the angle values. The relative changes in the body 
angles and ultimately the posture changes can be understood by studying the ratios of the 
angles. Burgess-limerick’s Postural Index value is one of such ratios. For the present 
study, most of the joints were defined using two angle definitions hence two postural 
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index values were analyzed. In addition to two postural index values a new back belt 
postural index value was also studied to understand the behavior of lumber-thoracic joint 
formed at the additional marker placed at superior process of 12th thoracic vertebra. 
Definitions used for postural index values as follows: 
  4.5.3.3.1 Postural Index1 (PI1) 
Postural index1 is defined as the ratio of knee joint flexion as to sum of flexion of 








4.5.3.3.2 Postural Index2 (PI2) 
Postural index2 is defined as the ratio of knee joint flexion as to sum of flexion of 








4.5.3.3.3 Back Belt Postural Index (BBPI) 
 Back belt postural index (BBPI) is the ratio of knee joint flexion to the sum of the 







4.5.3.4 Interjoint Coordination 
The spatial aspect of interjoint coordination was studied using the displacement 
vs. displacement graphs between proximal and distal joints. Both magnitude and 
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temporal aspects of interjoint coordination was studied using relative phase angle 
difference between proximal and distal joint. 
4.5.3.4.1 Magnitude of Proximal to Distal Joint Interjoint Coordination 
The basic purpose of studying displacement-displacement graphs between 
proximal and distal joints is to understand the magnitude of simultaneous coordination 
between two joints. Following procedure was followed to study the same. 
• Distal joint angular displacement was plotted as a function of proximal 
joint angular displacement i.e. for hip-knee joint pair, hip joint angular 
displacement was plotted as a function of knee joint angular 
displacement. Amplitude of interjoint coordination was studied for the 
three pair of joints: knee-hip, hip-trunk1, trunk1-lumber-thoracic1. 
• For each lift and each pair of joints two graphs were plotted, one 
representing flexion and another representing extension. Flexion was 
measured starting from the erect standing position to the fully flexed 
position (when subject grasp the weight). Extension was measured from 
fully flexed position returning to the approximate standing position i.e. 
when the subject drops the box of weights on the platform of the 
lowering apparatus.  
• For each subject, all the four lifts at the end of 3rd minute were selected 
for this analysis. In total six graphs were plotted for one lift for one 
subject. Figure 4.11 shows all the six graphs for subject 2. 
• After plotting distal–proximal displacement plot, a liner regression line 
was fitted to the series of points. Slope of the fitted line was calculated.  
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Knee-hip 
























































































Figure 4.12 (a): Distal joint displacement as a function of proximal joint displacement 



































































































Figure 4.12 (b): Distal joint displacement as a function of proximal joint displacement 
for one lift during extension phase (for subject 2) 
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• Slope of the line with and without belt was compared to understand the 
effect of back belt on the level of interjoint joint coordination between 
the distal and proximal joints. If the slope of the line is one i.e. if the line 
is inclined at 45° then the coordination between the joints is considered 
as perfectly simultaneous (burgess-limerick 1991).  
4.5.3.4.2 Phase Angle Difference between Proximal and Distal Joint 
Magnitude and temporal aspect of coordination between adjacent joints was 
studies using the phase plane analysis method (Burgess-Limerick, 1991). Basic 
advantage being phase lag i.e. level of synchronization between two joints at any 
point of time can be determined by subtracting the phase angle of one joint from 
another. Phase plane analysis was done for same pair of joint mentioned in the 
above section. Procedure followed to calculate phase angle corresponding to 
angular displacement of any joint is as follows: 
• Angular displacement of above mentioned body joints is utilized to 


































ωi = angular velocity of ith frame 
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θi = angular displacement ith frame 
subscript 1, 2 represent 1st and 2nd frame and n and n-1 represent last and 
second last frame. 
• After calculating angular velocity, angular displacement and velocity 
values are normalized on the scale  of -1 to 1 using following 
normalization procedure.  
i) For a given set of angular displacement values (θi, θi+1, θi+2, 
θi+3,………. θn-1, θn ) maximum and minimum angular 
displacement values were determined and average of these 
value is then subtracted from all the angular displacement 
values to get new angular displacement values viz. (θi’, θi+1’, 
θi+2’, θi+3’,……… θn-1’, θn’). 
ii) Again maximum of these new displacement values is 
determined and all the values (θi’, θi+1’, θi+2’, θi+3’,……… θn-
1’, θn’), were then divided by this new maximum value to get 
the required normalized angular displacement values, with 
maximum angular displacement of 1 and minimum angular 
displacement of -1.    
• For getting movement of any joint on the phase plane, normalized 
velocity of that joint is plotted as function of normalized displacement. 
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• Now, phase angle for any joint can be determined using phase plane. 
Position of knee joint (Fig. 4.13) at point X is defined by phase angle α  
which can be determined as: 
• Using above formula phase angles was determined for each lift  for each 
joint. 
• Relative phase angles were used to study extend of the phase lag 
between two joints at any point in the time, which was calculated by 
subtracting phase angle of one joint from another.  
• Magnitude and temporal aspects of proximal to distal coordination was 















The basic purpose behind evaluation of analyzed data was to study the effect of 
back belt on the posture. Results of the effects caused by back belt on posture are 
presented under the following four sections: 
1. Basic body angle  
2. Postural Index  
3. Kinematic relationship  
4. Interjoint coordination  
5.1 Basic Body Angle  
Nine basic body angles were compared for ten subjects using the paired t-test. The 
period of the lifting cycle which defines lifting posture was utilized for the basic body 
angle comparisons. All comparisons were performed at a significance level of α = 0.05. 
Following sections explain the changes observed for various body angles and table 5.1 
indicates the relevant summary statistics.  
5.1.1 Ankle Joint  
Table 5.1 shows ankle joint values, with and without belt, for all the subjects. 
Changes in the ankle joint angle values were not consistent. For subjects 3, 5, 6 and 7 
ankle joint values decreased with the use of back belt, while for the remaining subjects, it 
increased as well as decreased. All together for total population statistical analysis 




 5.1.2 Knee Joint 
Changes in the knee joint angle values with and without belt are shown in the 
Table 5.2. Table 5.2 indicates that the use of back belt decreased the value of knee joint 
angle i.e. increased the level of flexion for six subjects. For three subjects no trends (i.e. 
both increase and decrease in the value) existed and for only one subject knee joint 
flexion decreased with the use of back belt. Statistical paired t-test indicated that belt 
decreased (p=0.006) knee joint angle value.    
Table 5.1: Descriptive statistics for various body angles 
 
Body angles    With Back Belt   Without Back Belt 
                                          
    Mean            SD   Mean            SD 
 
Ankle joint    119.29       9.2761   121.06      7.5263 
Knee joint   142.59      20.272     148.32      16.483 
Hip joint   64.529      11.521     67.550      9.5987 
Trunk1 joint    12.677      15.558     8.6737      13.160 
Trunk2 joint      18.618      16.019      10.387      13.571 
Low back1 joint   74.833      7.6745      73.179      5.8573 
Low back2 joint   32.346      14.119     37.587      11.339 
Lumbar-thoracic1 joint   81.589      8.9682    71.670      7.3643 
Lumbar-thoracic2 joint   150.16      7.9914    130.10      7.4906 
 
5.1.3 Hip Joint 
Hip joint angle values are shown in the Table 5.3. For the total population, paired 
t-test indicated that the use of back belt increased (p=0.006) the hip joint flexion. Table 
5.3 shows that for subjects 1, 2,3,4,6,7,10 hip joint angle value decreased with the use of 
back belt. For the subject 5 back belt decreased the flexion at hip joint, while for subjects 
8 and 9 no increasing or decreasing trends were found.   
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Table 5.2: Ankle joint values 
 
                                         
      
 
  
Table 5.3: Knee joint angle values 
 
Subject No. Time With Belt With out Belt Difference 
1 4 Min 130.63 128.06 2.57 
1 8 Min 129.58 130.65 -1.07 
2 4 Min 99.50 105.62 -6.13 
2 8 Min 103.46 101.99 1.46 
3 4 Min 125.23 127.72 -2.49 
3 8 Min 124.31 128.57 -4.26 
4 4 Min 115.19 121.25 -6.06 
4 8 Min 123.72 118.83 4.89 
5 4 Min 129.16 129.87 -0.72 
5 8 Min 125.64 127.02 -1.38 
6 4 Min 108.96 122.38 -13.42 
6 8 Min 109.86 118.51 -8.65 
7 4 Min 105.43 111.77 -6.34 
7 8 Min 111.10 114.21 -3.11 
8 4 Min 127.08 123.84 3.24 
8 8 Min 129.64 124.43 5.21 
9 4 Min 119.24 120.82 -1.58 
9 8 Min 124.99 120.39 4.60 
10 4 Min 114.53 116.05 -1.52 
10 8 Min 117.94 117.70 0.24 










1 4 Min 159.95 161.39 -1.44 
1 8 Min 159.77 162.83 -3.06 
2 4 Min 96.58 109.74 -13.16 
2 8 Min 102.31 104.23 -1.93 
3 4 Min 159.13 164.71 -5.59 
3 8 Min 159.58 164.81 -5.23 
4 4 Min 143.23 151.16 -7.93 
4 8 Min 146.04 145.70 0.34 
5 4 Min 154.15 153.03 1.11 
5 8 Min 155.07 152.99 2.08 
6 4 Min 106.32 132.26 -25.94 
6 8 Min 110.03 125.45 -15.42 
7 4 Min 120.66 134.45 -13.79 
7 8 Min 132.42 141.05 -8.63 
8 4 Min 154.85 159.99 -5.14 
8 8 Min 156.04 155.43 0.61 
9 4 Min 145.99 157.79 -11.80 
9 8 Min 158.85 155.02 3.82 
10 4 Min 144.93 149.43 -4.50 
10 8 Min 148.99 153.00 -4.01 
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Table 5.4: Hip joint angle values 





Table 5.5: Trunk1 joint angle values










1 4 Min 75.37 77.50 -2.13 
1 8 Min 75.56 77.98 -2.43 
2 4 Min 36.92 43.74 -6.82 
2 8 Min 41.14 44.19 -3.05 
3 4 Min 74.54 77.35 -2.81 
3 8 Min 75.44 77.32 -1.88 
4 4 Min 66.15 70.49 -4.34 
4 8 Min 65.28 67.39 -2.10 
5 4 Min 71.12 68.43 2.69 
5 8 Min 70.06 69.00 1.06 
6 4 Min 46.74 60.22 -13.49 
6 8 Min 49.09 55.44 -6.35 
7 4 Min 50.02 57.16 -7.13 
7 8 Min 56.23 61.81 -5.58 
8 4 Min 68.60 72.93 -4.34 
8 8 Min 69.87 68.34 1.53 
9 4 Min 66.26 72.95 -6.70 
9 8 Min 73.83 71.22 2.61 
10 4 Min 67.53 68.56 -1.03 
10 8 Min 68.78 70.35 -1.57 




1 4 Min -7.08 -5.55 -1.53 
1 8 Min -2.30 -4.72 2.42 
2 4 Min 50.31 37.51 12.80 
2 8 Min 44.54 43.56 0.98 
3 4 Min 6.77 3.81 2.96 
3 8 Min 6.51 2.81 3.70 
4 4 Min 11.11 8.79 2.31 
4 8 Min 13.69 11.35 2.34 
5 4 Min 21.49 11.43 10.06 
5 8 Min 20.85 12.99 7.86 
6 4 Min 46.06 15.06 31.00 
6 8 Min 42.72 20.81 21.91 
7 4 Min 26.49 14.74 11.75 
7 8 Min 15.56 9.91 5.66 
8 4 Min 7.50 -10.03 17.52 
8 8 Min 4.07 -6.12 10.20 
9 4 Min 17.99 3.72 14.26 
9 8 Min 8.27 3.45 4.82 
10 4 Min 1.13 -6.48 7.61 
10 8 Min -0.58 -6.87 6.29 
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5.1.4 Trunk1 Joint 
Trunk1 joint values are shows in the Table 5.4. For all the subjects except subject 
1, trunk1 joint values showed decreased flexion with the use of back belt. Paired t-test  
clearly indicated that the subject performed lifting with straighter (p=0.045) trunk with 
back belt than without back belt.  
5.1.5 Trunk2 Joint 
Table 5.5 shows the trunk2 joint angle values. Both the trunk1 and trunk2 joint 
angle values indicated the motion of trunk but uses definitions with slightly different 
marker positions. Behavior of trunk2 joint angle was somewhat different from that of 
trunk1 joint. Trunk2 joint angle values were not as consistent as trunk1 joint angle values 
across the subjects. Subjects 1 and 3 showed increased level of flexion, whereas subjects 
2 and 9 showed both increasing and decreasing level of flexion with the back belt. 
Excluding the above four subjects, remaining six subjects lifted with straighter trunk (i.e 
less flexion) wearing the back belt. On the whole, paired t-test for the total population of 
ten subjects, indicated decreased (p<0.005) flexion with the use of back belt.  
5.1.6 Low Back1 Joint 
Low back1 joint behavior is shown the Table 5.6. Among the ten subjects the 
changes in the low back1 joint values were not consistent. For subjects 1, 6, 8 and 9 low 
back1 angle value increased with back belt. Low back1 angle values increased as well as 
decreased with back belt for subjects 2,3,5,7 and 10 while for subject 4 it decreased. 
Paired t-test analysis indicated that low back1 angle values increased (p=0.035) with belt 
compared to without belt. 
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5.1.7 Low Back2 Joint 
Low back2 joint angle describes the behavior of low back considering the marker 
at posterior superior iliac spine as a distal point and the marker at spinous process of 12th 
thoracic vertebrae as proximal point. Low back1 joint consider same proximal point but 
distal point is the marker at superior point of the greater trochanter (approximate hip 
joint). Similar to low back1 joint, low back2 joint showed both higher and lower values 
due to back belt. For subjects 1, 3, 4,5,7,8 and 10, back belt decreased the value of low 
back2 joint. For subject 6 low back2 joint values increased and for remaining two it 
increased as well as decreased with back belt. Paired t-test showed that  
low back2 joint values with belt are statistically lower (p=0.006) than the corresponding 
without belt values. 
5.1.8 Lumbar-thoracic1 Joint  
Lumber1 joint values with and without belt are shown in the Table 5.8. Back belt 
increased the lumber1 joint angle values for all the subjects.  Paired t-test analysis also 
illustrated that back belt decreased (p<0.005) the flexion of lumber1 joint. 
5.1.9 Lumbar-thoracic2 Joint  
Table 5.9 shows lumber-thoracic2 joint angle values. Lumber-thoracic joints 
basically deal with the curvature of trunk and represent it in term of one joint. Both the 
Lumber-thoracic joint angles are formed at spinous process of 12th thoracic vertebrae. For 
Lumber-thoracic1 joint the end points of angle are at the tip of the acromial bone 
(proximal) and superior point of the greater trochanter (distal). For lumber-thoracic2 joint  
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Table 5.6: Trunk2 joint angle values 
 
 









Table 5.7: Low back1 joint angle values 
 










1 4 Min -10.72 -6.93 -3.79 
1 8 Min -6.65 -5.77 -0.88 
2 4 Min 41.84 36.07 5.77 
2 8 Min 36.65 41.03 -4.38 
3 4 Min 3.15 4.91 -1.76 
3 8 Min 2.19 3.10 -0.91 
4 4 Min 8.25 7.89 0.35 
4 8 Min 10.79 10.05 0.74 
5 4 Min 19.35 13.91 5.44 
5 8 Min 20.08 14.08 6.00 
6 4 Min 39.16 10.89 28.28 
6 8 Min 35.14 16.79 18.35 
7 4 Min 20.04 9.24 10.80 
7 8 Min 7.42 6.54 0.88 
8 4 Min -6.78 -16.05 9.28 
8 8 Min -8.97 -10.28 1.31 
9 4 Min 16.95 6.50 10.45 
9 8 Min 5.98 7.02 -1.04 
10 4 Min -3.14 -5.48 2.33 
10 8 Min -4.84 -4.91 0.07 










1 4 Min 74.48 71.72 2.75 
1 8 Min 75.62 71.54 4.08 
2 4 Min 89.88 83.63 6.25 
2 8 Min 86.81 88.61 -1.79 
3 4 Min 67.22 68.95 -1.74 
3 8 Min 69.32 67.76 1.56 
4 4 Min 72.38 72.58 -0.20 
4 8 Min 72.07 72.81 -0.74 
5 4 Min 72.11 70.00 2.11 
5 8 Min 71.35 72.29 -0.94 
6 4 Min 90.05 79.82 10.23 
6 8 Min 89.44 81.63 7.81 
7 4 Min 69.31 68.76 0.55 
7 8 Min 65.96 67.85 -1.89 
8 4 Min 69.43 66.80 2.63 
8 8 Min 67.87 67.45 0.42 
9 4 Min 75.85 71.56 4.29 
9 8 Min 73.59 71.76 1.83 
10 4 Min 66.80 66.15 0.65 
10 8 Min 65.71 66.12 -0.41 
 67
 




Table 5.9: Lumber-thoracic1 joint angle values













1 4 Min 61.56 57.55 4.02 
1 8 Min 62.32 57.46 4.86 
2 4 Min 87.57 76.05 11.53 
2 8 Min 82.97 76.16 6.81 
3 4 Min 80.39 78.34 2.04 
3 8 Min 75.49 74.69 0.81 
4 4 Min 80.74 74.25 6.49 
4 8 Min 83.70 77.90 5.80 
5 4 Min 88.09 78.16 9.94 
5 8 Min 87.08 72.23 14.84 
6 4 Min 89.50 61.13 28.37 
6 8 Min 86.02 64.36 21.66 
7 4 Min 74.10 59.37 14.73 
7 8 Min 65.55 56.38 9.17 
8 4 Min 72.52 60.39 12.12 
8 8 Min 70.15 62.96 7.19 
9 4 Min 88.49 74.57 13.91 
9 8 Min 79.38 74.02 5.37 
10 4 Min 77.17 69.02 8.15 
10 8 Min 76.14 67.94 8.20 










1 4 Min 18.43 30.68 -12.25 
1 8 Min 21.86 31.14 -9.28 
2 4 Min 63.38 61.59 1.79 
2 8 Min 60.64 67.43 -6.79 
3 4 Min 17.03 28.65 -11.62 
3 8 Min 18.49 28.19 -9.70 
4 4 Min 33.78 37.59 -3.81 
4 8 Min 33.94 38.37 -4.43 
5 4 Min 36.98 41.51 -4.53 
5 8 Min 37.32 40.03 -2.71 
6 4 Min 51.54 43.32 8.21 
6 8 Min 49.08 47.66 1.42 
7 4 Min 28.68 36.30 -7.62 
7 8 Min 24.13 35.44 -11.31 
8 4 Min 16.81 18.87 -2.05 
8 8 Min 15.05 21.95 -6.89 
9 4 Min 36.14 32.85 3.29 
9 8 Min 30.72 33.12 -2.40 
10 4 Min 15.49 25.14 -9.64 
10 8 Min 16.35 26.25 -9.90 
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end points are at spinous process of 1st thoracic vertebrae (proximal) and posterior 
superior iliac spine (distal). The behavior of lumber-thoracic2 joint is similar to lumber- 
thoracic1. The flexion of lumber-thoracic joint for all the subjects was less with the use of 
back belt. Statistical paired t-test confirmed the above statement (p<0.005).  
 














1 4 Min 154.06 139.12 14.94 
1 8 Min 147.07 139.24 7.83 
2 4 Min 139.80 117.70 22.11 
2 8 Min 139.56 118.52 21.04 
3 4 Min 152.55 130.87 21.68 
3 8 Min 148.72 129.45 19.27 
4 4 Min 141.93 125.24 16.70 
4 8 Min 137.28 123.80 13.47 
5 4 Min 159.81 142.46 17.35 
5 8 Min 156.35 140.33 16.02 
6 4 Min 142.60 130.83 11.77 
6 8 Min 145.85 133.50 12.35 
7 4 Min 153.46 126.75 26.72 
7 8 Min 149.70 130.02 19.69 
8 4 Min 159.17 120.42 38.75 
8 8 Min 156.49 121.99 34.50 
9 4 Min 167.43 135.49 31.94 
9 8 Min 155.61 131.97 23.64 
10 4 Min 144.13 123.76 20.37 
10 8 Min 144.21 126.57 17.64 
 
 
5.2 Postural Index  
 The above basic angle comparisons explained which angles were affected by back 
belt. Lifting posture i.e. lifting style can be understood using Postural index values 
(Burgess-Limerick and Abernethy, 1997).  Postural index is the ratio of knee joint flexion 
to the sum of trunk and hip joint flexion. The effect of back belt on the postural index 
values are discussed in the following section. 
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5.2.1 Postural index1 
Table 5.10 shows the values of postural index1 values with and without belt for 
ten subjects. From the above section it is quite clear that back belt increased the value of 
knee and hip joint flexion and decreased the trunk1 joint flexion. Postural index value 
describe relative changes in the knee, hip and trunk 1 joints. The numerator of the PI 
value is knee joint angle value, while the denominator is the sum of hip and trunk1 joint. 
In Table 5.10 the difference column shows difference in the PI value caused by back belt 
(with belt values minus without belt values). For almost all the subjects back belt 
decreased the postural index1 values except subject 1, 2 and 4, where values increased for 
one set of lifts and decreased for another set of lifts. Statistical paired t-test proved that 
postural index1 value was decreased by back belt (p<0.005). A decrease in the postural 
index1 value indicated that the sum of increased and decreased flexion at respective hip 
and trunk joint was not greater than increased flexion at knee joint.  
5.2.2  Postural Index2  
In postural index2 values (Table 5.11) trunk1 angle values were replaced by 
trunk2 angle values. As explained above, trunk1 and trunk2 angle values showed similar 
trends and therefore postural index1 and postural index2 also showed similar changes. 
Paired t-test indicated that back belt reduced the postural index2 values (p=0.046). In 
terms of relative changes in the angle values, the conclusion also remains the same i.e. 
increased flexion at knee joint is greater than the sum of increased and decreased flexion 
at respective hip and trunk joints.  
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5.2.3 Back Belt Postural Index 
Back belt index was designed to study and compare relative changes in the hip, 
knee, trunk1 and the ‘introduced’ lumber-thoracic joint. One of the other objectives 
behind studying back belt postural index was to understand the effect of lumber-thoracic1  
angles on the posture.  Table 5.12 showed the values of back belt index. Difference in the 
‘with’ belt and ‘without’ belt values clearly signified that back belt reduced the back belt 
postural index values. Also unlike postural index1 and postural index2 values, changes in 
the back belt postural index values were more consistent. Statistical paired t-test also 
indicated that for the total population, back belt reduced the value of back belt postural 
index (p<0.005). 
The numerator for back belt postural index was the knee joint flexion and the 
denominator was the sum of hip, trunk1 and lumber-thoracic1 joints. From basic body 
angle comparisons and postural index1, postural index2 values it was clear that decrease  
in the flexion of trunk was more than the increase in the flexion of hip. Consistent 
behavior of the back belt postural index values made it evident that the sum of decreased 
flexion at trunk and lumber-thoracic joint was greater than increased flexion at hip joint.  
5.3 Kinematic Relationship Hypothesis 
The first hypothesis mentioned was:  
DD ′=    
















1 4 Min 2.47 2.29 0.19 
1 8 Min 2.32 2.25 0.06 
2 4 Min 1.23 1.37 -0.15 
2 8 Min 1.32 1.22 0.09 
3 4 Min 2.05 2.00 0.05 
3 8 Min 2.06 2.05 0.01 
4 4 Min 1.93 1.93 0.00 
4 8 Min 1.92 1.88 0.04 
5 4 Min 1.70 1.86 -0.15 
5 8 Min 1.72 1.84 -0.12 
6 4 Min 1.24 1.86 -0.62 
6 8 Min 1.31 1.74 -0.43 
7 4 Min 1.72 2.02 -0.30 
7 8 Min 2.08 2.06 0.02 
8 4 Min 2.50 2.81 -0.31 
8 8 Min 2.56 2.68 -0.11 
9 4 Min 1.75 1.99 -0.23 
9 8 Min 1.99 1.98 0.01 
10 4 Min 2.25 2.37 -0.12 
10 8 Min 2.33 2.34 -0.01 
 
Table 5.12: Postural index2 values. 
 













1 4 Min 2.34 2.24 0.10 
1 8 Min 2.18 2.22 -0.04 
2 4 Min 1.11 1.35 -0.24 
2 8 Min 1.19 1.19 0.01 
3 4 Min 1.96 2.03 -0.07 
3 8 Min 1.95 2.06 -0.11 
4 4 Min 1.85 1.91 -0.05 
4 8 Min 1.85 1.85 0.00 
5 4 Min 1.66 1.92 -0.25 
5 8 Min 1.71 1.87 -0.16 
6 4 Min 1.15 1.76 -0.61 
6 8 Min 1.20 1.65 -0.45 
7 4 Min 1.58 1.87 -0.29 
7 8 Min 1.84 1.97 -0.12 
8 4 Min 2.03 2.54 -0.51 
8 8 Min 2.11 2.50 -0.39 
9 4 Min 1.73 2.06 -0.32 
9 8 Min 1.93 2.08 -0.14 
10 4 Min 2.11 2.41 -0.30 
10 8 Min 2.18 2.41 -0.23 
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Table 5.13: Back belt postural index values 
Subject No. Time  
With Belt 
(WB) 




1 4 Min 1.23 1.25 -0.01 
1 8 Min 1.18 1.25 -0.07 
2 4 Min 0.55 0.70 -0.15 
2 8 Min 0.61 0.64 -0.03 
3 4 Min 0.98 1.03 -0.05 
3 8 Min 1.01 1.06 -0.05 
4 4 Min 0.91 0.98 -0.08 
4 8 Min 0.90 0.93 -0.03 
5 4 Min 0.85 0.97 -0.12 
5 8 Min 0.87 0.99 -0.12 
6 4 Min 0.58 0.97 -0.39 
6 8 Min 0.62 0.89 -0.27 
7 4 Min 0.80 1.02 -0.22 
7 8 Min 0.96 1.10 -0.14 
8 4 Min 1.04 1.30 -0.26 
8 8 Min 1.08 1.24 -0.16 
9 4 Min 0.85 1.04 -0.20 
9 8 Min 0.98 1.04 -0.06 
10 4 Min 0.99 1.14 -0.15 
10 8 Min 1.03 1.16 -0.13 
 
 Paired t-test was used for solving the involved statistics: 
1. Null hypothesis:  
0: 00 =′−=∂ DDH  
2. Alternate hypothesis: 
0: 01 ≠′−=∂ DDH  
3. At α = 0.05, paired t-test failed to reject the null hypothesis (Table 5.13). Hence it 
was assumed that back belt did not affect the total downward motion of point 1 under 
fully flexed condition. 
4. After checking basic behavior of the biomechanical model, existence of kinematic 
relationship between angles α, β, γ i.e. trunk1 joint, hip joint and knee joint was 
checked using following hypothesis. 
4.1. Null hypothesis:  
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0)]()[()]'[(: 00 =′−+′−−−=∂ γγββααH  
4.2. Alternate hypothesis: 
0)]()[()]'[(: 01 ≠′−+′−−−=∂ γγββααH  






)( γβα ++=D  
 
)( γβα ′+′+′=′D  
 
Difference 
1 4 Min 233.33 228.23 5.10 
1 8 Min 236.09 233.02 3.06 
2 4 Min 190.98 183.80 7.18 
2 8 Min 191.98 187.98 3.99 
3 4 Min 245.87 240.43 5.43 
3 8 Min 244.94 241.53 3.40 
4 4 Min 230.44 220.48 9.95 
4 8 Min 224.43 225.01 -0.57 
5 4 Min 232.89 246.75 -13.86 
5 8 Min 234.98 245.98 -11.00 
6 4 Min 207.54 199.11 8.42 
6 8 Min 201.69 201.83 -0.14 
7 4 Min 206.34 197.17 9.17 
7 8 Min 212.76 204.20 8.55 
8 4 Min 222.90 230.94 -8.04 
8 8 Min 217.64 229.98 -12.34 
9 4 Min 234.46 230.23 4.23 
9 8 Min 229.69 240.94 -11.24 
10 4 Min 211.51 213.58 -2.07 
10 8 Min 216.48 217.19 -0.71 
 
4.3. Paired t-test at a significance level of (α = 0.05) failed to reject the null 
hypothesis (Table 5.14), and concluded that increase in the value of angular 
displacement of the trunk1 joint was equal to the decrease in the angular 
displacement of knee and hip joints. In the other words, there was existence of 






5.4 Interjoint Coordination 
5.4.1 Magnitude of Proximal to Distal Interjoint Coordination 
As mentioned earlier displacement-displacement graphs were studied for knee-
hip, hip-trunk1 and trunk1- lumbar thoracic1 of joints. All the graphs were studied 
independently for extension and flexion phase. 





)( αα ′−  
A 
)'( γγ −  
B 
)'( ββ −  
C 
)( CB +  )]([ CBA +−  
1 4 Min 1.53 -1.44 -2.13 3.57 -2.04 
1 8 Min -2.42 -3.06 -2.43 5.49 -7.91 
2 4 Min 12.80 -13.16 -6.82 19.98 -7.18 
2 8 Min 0.98 -1.93 -3.05 4.98 -4 
3 4 Min 2.96 -5.59 -2.81 8.39 -5.44 
3 8 Min 3.70 -5.23 -1.88 7.10 -3.41 
4 4 Min 2.31 -7.93 -4.34 12.27 -9.96 
4 8 Min 2.34 0.34 -2.10 2.44 0.58 
5 4 Min 10.06 1.11 2.69 -3.80 13.86 
5 8 Min 7.86 2.08 1.06 -3.14 11 
6 4 Min 31.00 -25.94 -13.49 39.43 -8.43 
6 8 Min 21.91 -15.42 -6.35 21.77 0.14 
7 4 Min 11.75 -13.79 -7.13 20.92 -9.17 
7 8 Min 5.66 -8.63 -5.58 14.21 -8.55 
8 4 Min -2.53 -5.14 -4.34 9.48 -12.01 
8 8 Min -2.05 0.61 1.53 -2.14 0.09 
9 4 Min 14.26 -11.80 -6.70 18.50 -4.24 
9 8 Min 4.82 3.82 2.61 -6.43 11.25 
10 4 Min -5.35 -4.50 -1.03 5.53 -10.88 
10 8 Min -6.29 -4.01 -1.57 5.58 -11.87 
 
5.4.1.1 Extension Phase 
For all the subjects, four lifts at the end of 3rd minute were graphed for analysis. A 
linear regression line was fitted to all the graphs and slope values were determined. For 
each subject, for any pair of joints, four slope values were obtained (all the slope values 
are shown in Appendix X). Slope values thus obtained are compared using one factor 
analysis of variance (ANOVA) with repeated measures. Table 5.15 shows the descriptive 




Table 5.16: Descriptive statistics for SLOPE values 
 
Joint    With Back Belt Without Back Belt 
Coordination                                          
Values   Mean            SD Mean            SD  p-value  
 
KH (Flexion) 0.7141      0.1319 0.7759       0.1604  0.0007     
HT (Flexion)  4.0259      2.6904 4.4868      2.5640  0.0077  
TLV (Flexion)  0.8855      0.2543 0.8698      0.2220  0.3692 
 
KH (Extension) 0.7603      0.1171 0.8079      0.1388  0.0089 
HT (Extension) 3.2920      2.2621 3.9596      2.4436  0.0099 




5.4.1.1.1 Knee and Hip Joint Coordination  
Differences existed between the slope values for knee-hip pair of joints. The slope 
values with belt were less than those without belt (p=0.0089). Differences in the slope 
values indicated that without belt slope values were closer to one i.e. regression line was 
less inclined to the straight line at 45°, while with belt regression line was more inclined 
to it. This behavior of the joints concluded that knee joint and hip joint coordination was 
affected by back belt making it less perfectly synchronous.  
5.4.1.1.2 Hip and Trunk1 Joint Coordination 
 Similar to the knee and hip joints, slope values for hip-trunk1 joints were also 
affected by the back belt. For hip-trunk1 joints the slope values were greater than 1 and   
without belt slope values are higher than with belt (p=0.0099). Lower with belt slope 
values clarifies that the regression line is less inclined to line with slope1, which finally  
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indicate that when subject lifted with belt, hip joint and trunk1 joint coordination was 
more perfectly synchronous compared to without belt condition. 
5.4.1.1.3 Trunk1 and Lumber-thoracic1 Joint Coordination 
 For trunk1 and lumber-thoracic1 joints slope values were less than one and 
without back belt values were significantly higher than those with belt (p=0.0001). Lower 
slope values with belt indicated less perfectly synchronous coordination between the 
given pair of joints.  
5.4.1.2 Flexion Phase 
For the flexion phase, all the calculations and the overall nature of regression line 
for different pairs of joints were similar to the extension phase.  
5.4.1.2.1 Knee and Hip Joint Coordination 
With belt slope values for knee-hip joints were significantly lower than without 
belt values (p=0.0007), concluding that during flexion back belt affect the level of 
coordination by making it less synchronous.  
5.4.1.2.2 Hip and Trunk1 Joint Coordination 
 Back belt decreased the slope values for hip-trunk1 pair of joint during flexion 
(p=0.0077). As mentioned earlier slope of the regression line for the present joints is 
greater than one and decrease in the slope values due to back belt leads us to the 
conclusion similar to the extension phase. 
5.4.1.2.3 Trunk1 and Lumbar-thoracic1 Joint Coordination 
 Behavior of slope values i.e. level of coordination between trunk1 and Lumber-
thoracic was different for flexion phase than extension phase. Unlike the extension phase,  
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for flexion phase slope values were not affected by the back belt, indicating that back belt 
did not affect the level of coordination for present pair of joints. 
5.4.2 Relative Phase Angle Difference between Proximal and Distal Joint 
 
Displacement-displacement graphs describe the magnitude of interjoint 
coordination. It basically explains the overall pattern of coordination i.e how a joint leads 
or lags its adjacent joints. From the above analysis it is clear that while flexing down the 
proximal joint leads the distal joint and during the extension, distal joint leads the 
proximal. The level of coordination can further be understood by relative phase angle 
graphs. Relative phase angle graphs explain the magnitude and temporal aspect of joint 
coordination (Burgess-Limerick et al., 1991). In addition to the basic information of joint 
leading or lagging its adjacent joint, they provide a measure of how more or less the 
joints lead or lag. Relative phase angle graphs also give a measure of deviation of a 
movement from perfectly synchronous movement at any point of time (Burgess-Limerick 
et al., 1991). Relative phase difference graphs for three pair of joints for three different 
subjects are shown in the Figure 5.1. 
The first 50% of the lift cycle represent the flexion phase and the remaining cycle 
is the extension phase. During the first half of the cycle (i.e. during flexion) phase angle 
values are positive indicating proximal joints leading distal joints and during the 
remaining half, they are negative which signify that distal joints lead proximal joints. The 
conclusions drawn from the displacement-displacement graphs are further understood 




5.4.2.1 Lumbar-thoracic1 Joint -Trunk1 Joint 
The slope value analysis (using displacement-displacement graphs) indicated that 
back belt made the coordination for lumber-thoracic1-trunk1 joint during flexion less 
synchronous and did not have any effect during flexion phase. Same conclusions can be 
drawn from the relative phase angle graphs. During the first half cycle the pattern of 
phase angle graph for with belt and without belt condition is almost similar but is 
different during the second half. During the second half i.e. during the extension, with 
belt phase angle values have higher peak values indicating a greater phase lag i.e more 
deviation from synchronous movement. 
5.4.2.2 Trunk1 Joint - Hip Joint 
Relative phase angle values without belt have higher positive and negative peak 
and also varies a lot with respect to the with belt values. This behavior lead to the 
conclusion similar to the displacement-displacement graphs i.e belt make the movement 
between trunk1 and hip joints more synchronous.  
5.4.2.3 Hip Joint-Knee Joint 
Back belt affected the coordination between hip-knee joint by making it less 
synchronous. Relative phase angle values for with belt condition showed higher positive 
and negative peak values and greater variation compared to without belt. Again the 




































































Figure 5.1: Relative phase angles between lumbar thoracic1, trunk1, hip and knee joints 
 



















































CHAPTER 6  
DISCUSSION AND CONCLUSION 
 
Effect of the back belt on the lifting posture was the basic motive behind this 
research. Posture was expressed and understood by studying the behavior of body angles, 
postural index values, kinematic relationship hypothesis and interjoint coordination. Out 
of the nine body angles studied in the present research, eight showed significant 
difference when a participant wore a back belt. Only one was not affected by back belt.  
Hip joint angle showed an increased level of flexion because of the back belt. 
Similar behavior of hip joint was reported by Marras et al. (2000), McGorry et al. (1999), 
Sparto et al. (1998) and Granata et al. (1997). Apart from hip joint, other lower extremity 
angles studied were knee joint and foot joint. Effect of back belt on the knee joint motion 
was reported by Willey (2001), Giorcelli et al. (2001), and Marras et al. (2000). Each 
study reported different results. Willey (2001) found that knee joint motion was not 
affected by back belts. Giorcelli et al. (2001) and Marras et al. (2000) found significant 
differences in the knee joint angle values due to the back belt. The present research shows 
that knee joint motion is significantly affected by the back belt. Nine of the ten 
participants showed increased level of flexion at the knee joint. None of the researchers 
in the observed literature studied the effect of back belt on the foot joint motion. Present 
evaluation shows that ankle joint flexion increases with the use of back belt, but the 
increase is not statistically significant. 
 Trunk motion was found to be significantly affected by the back belt. In the 
present research, trunk motion was studied using two different trunk angle definitions. 
Both of the angle definitions shows decreased level of flexion for trunk (i.e. when the 
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participant performed the two handed symmetrical lifting using back belts, they bent their 
trunk less). Willey (2001), Marras et al. (2000), Lee et al. (2000), McGorry et al. (1999), 
Sparto et al. (1998), and Thoumie et al. (1998) reported the same for symmetric lifting. 
Giorcelli et al. (2001) and Granata et al. (1997) found similar trunk motion behavior for 
asymmetric lifting condition.  
Trunk angle definition with hip-shoulder markers gave more consistent results 
than PSIS-7th cervical vertebra. One of the reasons being the position of PSIS marker was 
affected by the placement of the back belt and position of marker at hip was quite stable 
and was not affected by belt (Fig. 6.1).   
Low back motion was expressed using two low back angle definitions. Proximal 
marker position for both definitions was the marker at spinous process of 12th thoracic 
vertebrae. The distal marker for one of the definitions was posterior superior iliac spine 
(PSIS) and for another was superior point of the greater trochanter i.e. approximate hip 
joint. Angle definition involving posterior superior iliac spine, showed increased level of 
flexion, while the angle definition with greater trochanter as distal marker showed 
decreased flexion. From the behavior of trunk angles it was quite expected that 
participants would bend their lower back less, but different results were found with one 
of the definitions. One of the reasons behind the observed results can be the displacement 
of the PSIS marker in the negative x-direction (∆X) because of the placement of the back 
belt (Fig. 6.1). The thickness of the back belt used for the present research below the 
PSIS marker was approximately 8-12 mm. The observed decrease in the angle was 
merely due to the displacement of the marker which compensated the expected increase 












Figure 6.1: Displacement of marker at PSIS due to back belt. 
One of the significant finding associated with the present research is the effect of 
back belt on the lumbar-thoracic joint. The examined literature considered the trunk as 
one segment and no one studied the motion of lumbar region with respect to thoracic 
region. Lumbar-thoracic joint was studied using two joint angle definitions. Both the 
definitions showed that back belt significantly decreased the level of flexion at this joint. 
This research concludes that the back belt affects the lumbar-thoracic angle and keeps the 
trunk segment straighter by reducing the bending at lumbar-thoracic joint. 
In the literature, lifting technique has been studied either using posture concept or 
in terms of absolute angle data. Posture can be stoop or squat. In actual practice, a 
participant rarely use the stoop or squat lifting posture and is the primary limitation in 
understanding lifting technique by studying posture at the beginning of the lift. Most of 
the time the posture adopted by the participants (when asked to use self-selected posture) 
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can be described as semi-squat or semi-stoop (Gagnon and Smyth 1992). The definition 
involving absolute angle data was affected by the task characteristics such as position of 
the load and starting height. Postural index is the ratio of flexion of lower extremities to 
the flexion of trunk. It compares relative flexion, and gives a number independent of task 
characteristics for better comparison. A lower value of postural index indicates that the 
subject lifts by bending his knees more than his trunk i.e. squat lifting technique. Higher 
postural index indicates stoop lifting style as the subject bends his trunk more than his 
knee.  
Two definitions of trunk joint required use of two postural index values. 
Statistical analysis indicated that, for both definitions, PI values decreased when subject 
lifted using back belt.   
Flexion of hip and trunk, together represent the behavior of trunk. One of them 
showed increased flexion while the other showed decreased flexion but the summation of 
the two and the behavior of knee joint lower the PI value. Combining the behavior of the 
three angles, (i.e. PI value behavior) one concludes that the participants changed their 
lifting style towards the squat from the existing semi-stoop or semi-squat lifting style. 
In addition to the above PI values, BBPI values were also studied to understand 
the role of lumbar-thoracic joint in the lifting posture. High BBPI values were found 
when participants performed lifting without back belt and with back belt BBPI values 
decreased. These results show that as the flexion of knee joint increased, the flexion of 
trunk (which was the combination of trunk, hip and lumbar-thoracic1 joint) decreased. In 
terms of lifting style, BBPI also indicated that participants changed their lifting style 
 84
towards squats. Moreover results of back belt PI were more consistent across and within 
the participants than PI1 and PI2. 
Basic angle and postural index values comparison compare an angle and set of 
angle with respective angle or set of angle, but the relative changes in the angle values 
were unanswered. The relative changes in the angle values were analyzed using the 
biomechanical model and kinematic relationship hypothesis. Behavior of the 
biomechanical model signifies that the back belt affects the trunk and lower extremity 
joints in the balanced way (i.e. increased level of flexion for lower extremity joint was 
compensated by decreased flexion at upper body joint). The biomechanical model and 
postural index values together conclude that the back belt shifts the motion from lower 
back region to the hip, knee and lumbar-thoracic joints. 
The analysis involving basic body angle and postural index comparison and 
kinematic hypothesis, only posture defining data was used. Effect of back belt on the 
complete lift cycle was examined using displacement-displacement and relative phase 
angle graphs. 
Positive and negative relative phase angle values during flexion and extension 
phase respectively indicate that for flexion phase distal joint lead proximal and while 
during extension proximal leads distal. Same observations were mentioned by Burgess-
Limerick et al (1993) for without belt condition, which signifies that the back belt is not 
affecting the basic nature of synchronization. But with the use of the back belt, slope 
values and the pattern of the relative phase angle graph was affected significantly. 
For knee-hip pair of joints relative phase angle values for with belt condition 
showed higher positive and negative peaks and greater variation compared to without 
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belt. Slope values for knee-hip pair of joints for both the belting conditions were less than 
one.  Without belt slope values were greater than with belt. The without belt regression 
line was less inclined to the straight line at 45°, while with belt regression line was more 
inclined to it. This behavior of the joints concludes that knee joint and hip joint 
coordination was affected by back belt making it less perfectly synchronous.  
The slope value analysis for lumbar-thoracic1-trunk1 joint indicated that back belt 
made the coordination during extension less synchronous and did not have any effect 
during flexion phase. Same conclusions can be drawn from the relative phase angle 
graphs. During the first half cycle the pattern of phase angle graph for with belt and 
without belt condition is almost similar but is different during the second half. During the 
second half i.e. during the extension, with belt phase angle values have higher peak 
values indicating a greater phase lag i.e. more deviation from synchronous movement. 
For trunk1-hip pair of joints slope values are greater than one and decreased with 
use of the belt i.e. inclination of the regression line under with belt condition is less 
inclined to the line with slope one than without belt. Also relative phase angle values 
without belt have higher positive and negative peak and also varies a lot with respect to 
the with belt values. These behavior leads to the conclusion that belt make the movement 
between trunk and hip joints more synchronous.  
Back belts, transfer the motion from lower back region to the hip, knee and 
lumbar-thoracic joints i.e. chance posture towards squat and achieve it by disturbing the 
natural coordination between the joints. Various previous studies (Banks and Aghazadeh 
2004, Ayoub and Mital 1989, Garg and Saxena 1979) reported that natural lifting style 
(i.e. lifting technique spontaneous adopted by body) is least likely to lead to an injury. 
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Disturbing the natural lifting technique may contribute towards the increased risk of 
musculoskeletal disorder and injury.  
One of the ways of interpreting the results can be that since the back belt affects 
the coordination differently for different joints, it can reduce risk of injuries for certain 
joints and can increase it for certain joints. More specifically, the back belt can reduce the 
risk of injuries at trunk1-hip joints, as it is making the motion at respective joints more 
synchronous. While for lumbar-thoracic1 and knee joints, back belt can actually increase 
the risk of injuries because it is making the motion less synchronous. But for drawing 
valid conclusion based on the interjoint coordination, studies relating joint coordination 
and risk of injuries need to be performed. 
Thus, the final conclusions of the present study include: 
1) Out of the nine body joint angles, five showed decreased flexion, three increased 
flexion and one had no changes with the use of back belt. 
2) Biomechanical model showed existence of kinematic relationship between knee, 
hip and trunk1 joint. 
3) Postural index values indicated that back belt changed the posture from the existing 
semi-stoop or semi-squat lifting technique towards squat. 
4) Back belt affected the proximal to distal interjoint coordination between hip, knee, 
trunk and lumbar-thoracic joint. 
6.1 Recommendations for Future Studies  
Approach of back belt postural index and kinematic relation hypothesis, used in 
the present study, can be used to study the lifting technique under asymmetric lifting 
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conditions. Study using asymmetric lifting conditions will provide better understanding 
of the back belt postural values. 
 Performing similar research using multiple back belts will certainly help in 
understanding level of restriction caused by different back belts. 
 Use of female subject and studying both physiological and biomechanical 
parameters at the same time will help in understanding the back belt hypothesis in more 
efficient way.   
 Studies analyzing relationship between interjoint coordination and risk of injuries 
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LOUSIANA STATE UNIVERSITY-BATON ROUGE CAMPUS 
CONSENT FORM  
 
 
1.   Study Title:         Effect of back belt on inter-joint coordination and postural 
index under self selected manual lifting technique 
 
2.   Performance Site:    3413, Occupational Biomechanics Lab,  
    Department of Industrial and Manufacturing Systems  
    Engineering , 
    Louisiana State University and Agricultural and 
                           Mechanical College 
 
3.   Investigators:        The following investigators are available for 
                           questions about this study,  
 
                           Dr. F Aghazadeh 
    Department of Industrial and Manufacturing Systems  
    Engineering  
    3132B CEBA, Louisiana State University  
    Baton Rouge, LA 70803  
    Telephone Number: (225)578-5367 
 
    Ashish Nimbarte  
    Department of Industrial & Manufacturing Systems  
    Engineering 
    Telephone Number: (225)578-5378   
                                            
4.   Purpose of theStudy:    Purpose of the present study is to see how ankle, knee, hip 
and lumber vertebral angular movements and a consistent 
distal-to-proximal pattern of coordination between knee, 
hip and lumber vertebral joints is affected when a subject 
perform lifting task with and without back belt. 
 
5.   Subject Inclusion:   Graduate or undergraduate students at Louisiana state  
    university between the ages of 18 and 40 who are free from 
    back pain and have no musculoskeletal abnormalities will  
    participate in study. Participants who answer YES to any of  
the following questions will be excluded from the research. 
 1) Has your doctor ever said you have heart trouble? 
    2) Do you frequently have pains in your heart or chest? 
    3) Do you often feel faint or have spells of severe  
dizziness? 
    4) Has your doctor ever said your blood pressure was too  
high? 
    5) Has your doctor ever told you that you have a bone or 
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 joint problem, arthritis that has been aggravated by  
exercise, or might be made worse with exercise?  
    6) Is there a good physical reason not mentioned here why  
you should not follow an activity program even if you  
wanted to? 
    7) Have you ever had back pain, particularly lower back  
    pain, or spinal/disk surgery? 
 
 
6.   Number of subjects:  50 
 
7.   Study Procedures:    The study procedure will be completely explained to the  
    subject and all the questions regarding the research will be  
    answered. Participants will be asked to read and sign the  
    consent form before the start of experiment. 
 
    During session I the functional mass that subjects are going  
to lift during session II and session III will be determined  
using the psychophysical approach. Session I will also  
serve as practice session and will be used to familiarize the  
subject with the lifting task. Subjects will lift from floor to  
knuckle height for 20 minutes using self selected lifting  
technique at the rate of 4 lifts/min. At the beginning of  
session I, the participants will be given the empty wooden  
box (4.3 kg mass) and throughtout the session the  
participants will be encouraged to adjust the mass of the  
load by adding (or subsequently removing) metal pieces of  
various undisclosed masses, until  the subject feel that the  
mass of the load was equivalent to the maximum that he  
could continuously lift at a rate of 4 lifts per  minute for an  
8-hour work period without becoming overheated,  
unusually tired, and or weakened. 
 
 
During Session II and Session III the subject will perform 
the  same lifting task as performed during session I. They 
will lift the functional mass determined during session I 
using the same self-selected lifting method for 30 minutes. 
During Session II subjects will perform the lifting task 
using no back belt while during session III they will 
perform the lifting task using back belt. 
 
    Measurements: Throughout the experiment, joint and 
segment position will be recorded and neuromuscular 
activity of lower back and leg muscles will be collected 
using surface electromyography (EMG). 
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8.   Benefits:        There will not be any direct health, monetary or mental  
    benefits to the individual participant. But the results of the  
    study may be beneficial to the greater population as it leads  
    to a better understanding of how the lifting is affected by  
    back belt.  
 
9.   Risks:                The possible risks of participating in the study are muscle 
soreness and/or strain, cardiac problems, headaches, hernia, 
dizziness, fatigue, and vertebrae disc damage.  
 
10. Measures to reduce  
       the risk:  The risk involved in the study is minimized by excluding 
all the subjects who don’t meet physical requirement or 
answer YES to the health-screening questionnaire. In case 
of any  physical injury to participants during this research 
project, treatment is not available at Louisiana State 
University, nor is there any insurance carried by the 
University or its personnel applicable to cover any such 
injury.  Treatment and financial compensation for such 
injury must be provided through the participant’s own 
insurance program.   In case of emergency, the local 
emergency service (911) will be contacted. 
 
 
10.  Right to Refuse:     Subjects may choose not to participate or if at any time  
during the study, subject feels uncomfortable with any  
method or performing the requirements, formal withdrawal  
from the study will commence at any time without any  
penalty. 
 
11.  Privacy:         If the results of present study will get published, names or  
    identifying information of the subjects will not be included  
    in the publication. Subject identity will remain secret unless 
    disclosure is required by law. The data will be stored in a  
    locked cabinet or password-secured computer. The  
screening questionnaires of rejected subjects will be  
destroyed. 
 
12. Financial Information: No costs are incurred by subjects in this study. 
 
 










CONSENT FORM, P.2 
 
13. Signature:                                                  
 
     The study procedure has been completely explained to me and all my questions  
have been answered. I have understood the procedure and if I have additional  
questions regarding study specifics I may direct them to investigator. If I have  
questions about subjects' rights or other concerns, I can contact Robert C.  
Mathews, Institutional Review Board, (225) 578-8692. I agree to participate in  
the present study and  acknowledge the investigator's obligation to provide me  
with a signed copy of this consent form.                                                                                         
                                                                                
       



















































































































































































































































































































































































































C* Belt Condition; 1-with belt; 2-without belt 
Column Heading Meaning 
S* Subject Number 
D* 
 
Time of data collection; 1-3rd minute; 2-4th 
minute 
F* Frames numbers 
LT-2* Lumbar-thoracic2 joint   
LB-2* Low back2 joint 
LB-1* Low back1 joint 
TR2* Trunk2 joint     
TR1* Trunk1 joint 
KJ* Knee joint 
HJ* Hip joint 
FJ* Ankle joint 
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